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ABSTRACT 
One of the main factors affecting the survival of rhizobia on seed is desiccation stress. The poor 
survival of rhizobia affects nodulation, nitrogen fixation and legume yield. A better 
understanding of desiccation tolerance and how it may be enhanced may contribute to the 
development of strategies to improve survival of rhizobia on seed. 
This study aimed to improve the survival of rhizobia by enhancing inherent mechanisms of 
desiccation tolerance through the manipulation of the growth medium. Accumulation of 
intracellular trehalose by rhizobia increases in response to osmotic and desiccation stress, and 
has also been related to an improved capacity for desiccation tolerance. In this study, a linear 
relationship was observed between intracellular trehalose accumulation in Rhizobium 
leguminosarum bv. trifolii (TA1) and Bradyrhizobium japonicum (CB1809) and increasing 
osmotic pressure of a defined growth medium (JMM) from 1.0 atm to 2.8 atm. Although 
increased concentrations of intracellular trehalose did not improve survival of rhizobia 
immediately after vacuum drying, survival was significantly improved after 10 days of storage at 
low relative humidity (9%). Resuspending rhizobia in trehalose solution, to provide external 
protection to cells during drying, significantly increased survival immediately after drying and 
storage. The increased protection during drying allowed the positive effect of intracellular 
trehalose on rhizobial survival to be observed.  
Cells of TA1 and CB1809 extracted from peat after solid-state fermentation survived 
significantly better immediately after vacuum drying (22-fold and 5-fold respectively) and 
during storage than cells grown in JMM (1.0 atm). However, it was difficult to extract adequate 
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cell mass to measure intracellular trehalose and consequently cells were grown in water extracts 
of peat to simulate the conditions that rhizobia would be exposed to in traditional peat cultures. 
Growing TA1 and CB1809 in aqueous peat extract increased trehalose accumulation compared 
to cells grown in JMM and also significantly improved survival (18-fold) of TA1. Although 
survival of CB1809 was generally improved after growth in peat extract, it was not significantly 
different to cells grown in JMM. Cells grown in peat extract exhibited changes in cell 
morphology and protein expression similar to those observed after solid-state fermentation in 
peat. Electron microscopy revealed the accumulation of an electron-dense material around the 
plasma membrane that occupied the periplasmic space in both TA1 and CB1809. Similar 
changes to cell morphology have been previously linked to improved survival. Peptide analysis 
by liquid chromatography-mass spectrometry indicated increased expression of stress response 
proteins in TA1 and CB1809 after growth in peat extract. Some of those proteins included 
membrane repair proteins (PspA) and proteins generated to combat periplasmic stress (OstA) and 
oxidative damage (thioredoxin). 
A cell viability assay using alamarBlue® reagent showed that growing rhizobia in peat extract 
reduces metabolic activity compared to that of cells grown in JMM, and membrane integrity 
analysis of the same cells using a LIVE/DEAD® viability kit showed that peat extract increased 
membrane permeability to propidium iodide (PI). Environmental stresses have been reported to 
cause reversible changes to membrane function and permeability, demonstrated by changes in 
PI-uptake. This finding, together with the changes in cell morphology and increased expression 
of stress response proteins, suggests that improved survival after growth of rhizobia in peat 
extract is related to adaptive changes of cells in response to water-extractable constituents of 
peat. 
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Findings from this work suggest that desiccation tolerance in rhizobia is a multifactorial process 
that involves the accumulation of trehalose together with the expression of proteins involved in 
maintaining cell envelope integrity and stability, as well as the repair and prevention of DNA and 
protein damage caused by oxidative stress. Determining chemical elicitors of adaptive changes in 
cells may assist in further development of inoculant technology to improve survival of rhizobia 
on seed. 
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CHAPTER 1 
INTRODUCTION: LITERATURE REVIEW 
1.1 Rhizobia 
1.1.1 Taxonomy of rhizobia 
The term “rhizobia” is commonly used to describe a group of Gram-negative bacteria that 
collectively possess the ability to form symbiotic relationships with leguminous plants through 
the formation of root and stem nodules. It is within these nodule structures that atmospheric 
nitrogen is fixed and assimilated into the host plant (Weir, 2012). Rhizobia are proteobacteria 
comprised of 13 genera: Azorhizobium, Bradyrhizobium, Mezorhizobium, Rhizobium, Ensifer 
(formerly Sinorhizobium), Phyllobacterium, Microvirga, Ochrobactrum, Methylobacterium, 
Devosia and Shinella in the α-proteobacteria class and Burkholderia and Cupriavidus in the β-
proteobacteria class.  
The early taxonomy of rhizobia was based on their selective interaction with their host plant 
species and the rate of growth of the different isolates. Strains were grouped according to their 
ability to nodulate a particular host as it was established that no single strain could nodulate all 
legume plants (Long, 1989). Relatively recent developments in molecular techniques and other 
advances in bacterial taxonomy have resulted in a fluid rhizobial taxonomy which is now based 
on a wide range of characteristics (Willems, 2006).  
The 16S rDNA sequence is very similar between many species of rhizobia; therefore to obtain a 
more precise identification housekeeping genes are often additionally sequenced. Techniques 
such as rep-PCR generate genomic fingerprints based on the use of primers corresponding to 
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conserved motifs in naturally occurring interspersed repetitive DNA elements in rhizobia 
(Schneider and de Bruijn, 1996). A recent study by De Meyer et al. (2011) identified a total of 
3810 rhizobial strains isolated from 43 species of indigenous legumes in Flanders Belgium using 
rep-PCR clustering, 16S rRNA gene and recA gene sequence analysis. This study showed the 
presence of rhizobia belonging to the Bradyrhizobium, Ensifer, Mesorhizobium and Rhizobium 
genera and that multiple symbiovars were found within a single nodule on the same host plant. 
1.1.2 Legume symbiosis 
The formation of the specialized plant structures called nodules is the result of a three step 
process: pre-infection, infection and nodule development. Prior to infection, an exchange of 
chemical signals takes place between the host plant and the free-living rhizobia.  Plant signals 
induce nod genes in rhizobia that lead to the synthesis of Nod factors. Nod factors include 
lipochitooligosaccharides, exopolysaccharides, lipo-polysaccarides and capsular polysaccharides 
as well as cyclic β-glucans  which stimulate the formation of  a nodule primordium and infection 
threads (Batut et al., 2011). During the infection process, infection threads originating in the root 
hairs guide rhizobia to the nodule primordium formed from root cortical cells. In the developing 
nodule the bacteria become surrounded by the host membrane or symbiosome and proceed to 
differentiate into bacteroids. Inside the newly formed nodule, the bacteroids fix atmospheric 
nitrogen and the symbiosome membrane facilitates the exchange of fixed nitrogen for 
carbohydrates from the host (Ivanov et al., 2012). Another mode of root infection by rhizobia is 
through cracks in the epidermis which can be caused by the emergence of lateral roots (Olroyd 
and Downie, 2008). In this mode of infection rhizobia gain access to the cortical cells through 
infection threads originating from the infected epidermal cracks. 
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1.1.3 Nitrogen fixation 
Symbiotic nitrogen fixation, carried out by bacteroids is a result of the activity of an enzyme 
called nitrogenase. Nitrogenase consists of two metalloproteins (component I and component II) 
which together catalyse the ATP-dependent reduction of dinitrogen to ammonia (Equation 1). In 
this enzyme complex the MoFe-protein (component I) contains the active site for substrate 
reduction and the Fe-protein (component II) mediates the coupling of ATP hydrolysis to electron 
transfer (Rees et al., 2005). 
      8H
+ 
+ N2 + 8e
-
              2NH3 + H2                               Equation 1 
As 16 to 42 ATP molecules are hydrolysed per molecule of dinitrogen fixed, it is one of the most 
metabolically expensive processes in nature. An excess of the MoFe-protein (component I) leads 
to a higher ratio of ATP to electrons transferred and this varies between species of nitrogen 
fixing bacteria and culture conditions (Brill, 1980). The activity of nitrogenase is greatly 
inhibited by exposure to oxygen which is a greater physiological constraint than the ATP 
requirement (Postgate, 1982; O'Brian, 1996). Therefore a careful balance between energy, 
reductants and bacteroid metabolism must be maintained in order to ensure optimum nitrogen 
fixation rates in the oxygen-limited environment of the root nodule (Lodwig and Poole, 2003). 
Oxygen, although required for bacteroid respiration, acts as a negative regulator for nitrogen 
fixation genes (nif). In nitrogen fixing bacteria nif genes are generally found in a cluster of 20-24 
kb that contains seven operons encoding for 20 different proteins. This cluster includes structural 
genes, genes responsible for the activation of the Fe-protein, MoFe-cofactor biosynthesis, 
electron donation and the regulatory genes for the synthesis and function of the enzyme (Glick, 
2012). 
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1.1.4 Legume inoculants 
Legume inoculation is the well-established practice of introducing rhizobia to the rhizosphere of 
legume crops and a sustainable alternative to the use of chemical fertilizers. The concept of 
legume inoculation was first introduced to NSW growers through an article in the Agricultural 
Gazette of NSW by Guthrie (1896). The first NSW field trial was conducted in 1906 using a pea 
crop inoculated with a broth culture of rhizobia. The inoculant was mixed with sand, spread over 
the soil and harrowed in. Since then, the practice has become widespread and legume inoculants 
vary not only in formulation and efficacy but also in rate and method of application (Bullard et 
al., 2005).  
Legume inoculants can be applied either directly to the soil or coated onto seed prior to sowing 
and the most common formulations include liquid, granular, peat, freeze dried and preinoculated 
seed. Inoculation after planting can sometimes be carried out as a remedial procedure to correct 
poor nodulation through the injection of a peat inoculant slurry into the irrigation system (Smith, 
1992; Deaker et al., 2004). 
Peat is rich in organic matter and forms from the decomposition of different plant residues 
during long periods of time and under different climatic conditions (Waksman, 1930). It is one of 
the most common carriers used in the production of legume inoculants. Liquid cultures of 
rhizobia are injected into pre-packaged and often gamma sterilised finely-milled peat.  Moist-
peat inoculants are most commonly applied to seed prior to sowing. Peat inoculants available in 
Australia are generally of good quality and deliver high numbers of rhizobia; 10
9
 to 10
10
 cells g
-1
 
of peat at manufacture (Hartley et al., 2005). However, the number of cells being delivered per 
seed is limited by the surface area of the seed and the limited survival of rhizobia on seed 
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requires sowing to take place within a few hours of application (Roughley et al., 1993). A 
negative aspect of peat is variable quality as not all sources are suitable for use as inoculant 
carriers (Roughley and Vincent, 1967). In order to be a suitable carrier, peat must have high 
water holding capacity, be chemically and physically uniform and most importantly non-toxic to 
inoculants strains. Fundamentally a carrier should support growth of the target strain and 
maintain high numbers during storage of the inoculant product (Stephens and Rask, 2000). In 
addition, peat resources are considered non-renewable so many alternatives to peat have been 
investigated for their suitability as inoculant carriers (Albareda et al., 2008). 
Liquid and granular inoculant formulations are most commonly applied to soil rather than seed. 
This method of inoculation not only allows for greater inoculation rates but also avoids the 
possible toxic effects of seed exudates and chemicals such as fungicides used to treat seeds 
(Smith, 1992; Campo et al., 2012). In recent times, the use of liquid inoculants has been favoured 
in large-scale soybean farming systems where in-furrow inoculation seems to be an attractive 
alternative to the more laborious task of seed inoculation (Campo et al., 2012). However, it has 
been found that the inoculum potential of liquid inoculants still cannot match that of moist peat 
inoculants.  Inoculum potential may be defined as the number of rhizobia applied during 
inoculation and is calculated by multiplying the number of rhizobia per unit weight of inoculant 
by the application rate (Roughley et al., 1993). Singleton et al. (2002) reported that 48 hours after 
inoculum application, the number of viable cells per soybean seed ranged from log10 2.4 to log10 
5.0 for different formulations of liquid inoculant. In comparison, they found the rate of cell death 
in Australian peat (with gum arabic as an adhesive) was less than in the liquid formulations.  
Granular inoculants provide an alternative to seed inoculation, particularly in areas where the 
treatment of seed with agrochemicals is a necessity. The inoculum potential of granular 
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inoculants depends on formulation (peat granules, clays, etc.), soil conditions and background 
rhizobial populations (Denton et al., 2009). 
Preinoculation is the inoculation of seed with rhizobia prior to sale which implies that there is an 
undefined period of storage of the inoculated seed before sowing. In contrast, custom-inoculated 
seed is legume seed inoculated on demand with rhizobia, collected by the grower and sown 
within a few days (Brockwell et al., 1975; Gemell et al., 2005). 
A point-of-sale survey of pasture legume seed by Gemell et al. (2005) found that more than 90% 
of seed sales by resellers were preinoculated seed, showing preference of eastern Australian 
farmers for a ready-to-use inoculant product. However, the overall pass rate was very poor (0-
4%) for white, red and miscellaneous species of preinoculated clover seed. Custom-inoculated 
seed on the other hand had much higher numbers of viable rhizobia per seed than preinoculated 
seed. The pass rate was determined by calculating the proportion of samples where the number 
of viable cells recovered at least met the minimum standard number of rhizobia/seed required to 
maximise potential for optimum nodulation (500 rhizobia/seed for very small seeded legumes eg. 
white clover and 1000 rhizobia/seed for small seeded species eg. lucerne and subterranean 
clover). As a result, it was recommended that preinoculated seed be labelled with a date of expiry 
of no more than two weeks for white and red clover, and six weeks for subterranean clover from 
the date of inoculation. 
Colonization of the legume rhizosphere, nodulation, nitrogen fixation and yield are affected by 
inoculum potential (Roughley et al., 1993). However, the delivery of high numbers of viable 
rhizobia varies with legume inoculant formulation, method of application and soil conditions 
(Deaker et al., 2004).  Roughley et al. (1993) reported that 95% of Bradyrhizobium sp. died 
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between time of inoculation and sowing and 83% of the survivors died within 22.5 hours of 
being applied to the soil. Therefore it is of great importance for an inoculant product to deliver a 
high number of viable cells at the time of sowing.   
1.1.5 Factors affecting survival of rhizobia on seed 
The survival of rhizobia on legume seed is affected by various factors including toxicity from 
seed exudates, agrochemicals and polymer adhesives.  
A study reported that the number of viable R. trifolii cells applied to white clover seed decreased 
to 0.3% after 24 hours of storage at 20°C and that survival improved to 4% when seeds were 
washed prior to inoculum application (Hale and Mathers, 1977). During the same study, the 
water-soluble exudates from white clover seed applied to paper filter discs were reported to have 
antibiotic activity, creating growth inhibition zones on YMA plates with cultures of R. trifolii. 
Seeds are often treated with agrochemicals such as fungicides and pesticides to control seed and 
root disease; however, they can have a detrimental effect on the survival of rhizobia on seed. 
Diatloff (1970) reported that the insecticides: dimethoate, lindane, isobenzan, endrin and dieldrin 
had a toxic effect when applied to beads on YMA plates with R. japonicum. Kyei-Boahen et al. 
(2001) found that the commercially available fungicides Apron®, Arrest 75W®, Crown® and 
Captan® significantly decreased the number of R. ciceri on chickpea seed four hours after 
application. Metalaxy, thiram, carbathiin, oxycarboxin, thiabendazole and captan being the 
respective active ingredients of these fungicides. 
Hartley et al. (2012) reported that polymer toxicity in two of eight proprietary polymers used to 
apply rhizobial inoculants to seed caused viable cell numbers per seed to drop below the 
recommended number after 10 min. Other factors reported during the same study to contribute to 
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poor survival of rhizobia on seed were water quality (used in slurry preparation), inoculant 
maturity and the drying rate of polymer adhesives due to their inherent moisture sorption 
characteristics. 
Desiccation stress is one of the major factors affecting the survival of rhizobia on seed. Salema et 
al. (1982a) described the overall death rate of R. trifolii WU1 and R. meliloti WU96 on mung 
bean seed during air-drying as four distinct phases. A first phase of slow death rate while the 
seed remains moist; a second phase of rapid death after loss of visible moisture on seed; a third 
phase where numbers stabilized and a fourth phase in which a significant loss of cell viability 
continued. 
Hartley et al. (2012) reported on the relationship between water activity (aw) during drying and 
the survival of rhizobia on seed. Water activity is a measure of the thermodynamically available 
water in an environment and may be defined as the vapour pressure of water in a substance 
divided by that of pure water at the same temperature (Grant, 2004). Hartley et al. (2012) found 
that the aw of clover seed was significantly lower than that of lucerne seed after five and 10 min 
of drying, which resulted in lower numbers of surviving cells. As a result, they concluded that 
the rate of water loss during drying was one of the major factors affecting the survival of 
rhizobia on seed which may contribute to the lower rhizobial loadings clover seed. 
1.2 Desiccation stress and tolerance  
1.2.1 Anhydrobiosis 
Anhydrobiosis is a process characterized by the reduction of an organism’s metabolic activity, 
and a temporary reduction or cessation of growth upon the complete removal of water. 
Anhydrobiotic organisms have the ability to enter a state of suspended animation and survive for 
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indefinite periods of time until rehydration allows them to resume normal metabolic function 
(Crowe, 1971). In nature, a wide variety of animals, plants and microbes have the ability to 
withstand complete desiccation, which is considered to take place after water content drops 
below 10% of the dry weight (Alpert, 2005). 
The ability of organisms to keep their vital function after rehydration has been a source of 
interest in many different studies as the understanding of the mechanisms involved in 
anhydrobiosis has a wide range of applications (Garcia, 2011).  
1.2.2 Desiccation in prokaryotes 
The removal of water from cells can occur in different ways, and the severity of cellular damage 
will depend on the rate and amount of water removed (Potts, 1994). A cell in the hydrated state is 
said to be at equilibrium with the external environment. Water will diffuse across the cell 
membrane and down the concentration gradient to achieve equilibrium and the efflux or influx of 
water from the cell will depend on the concentration of solutes in the external solution (Csonka, 
1989). The loss of water through osmosis was reported to cause cell plasmolysis in E.coli K-12. 
Plasmolysis was defined as the process where the plasma membrane pulls away from the cell 
wall as the size of the cytoplasm is reduced by the loss of water (Koch, 1984).  
Pilizota and Shaevitz (2013) reported on the cell shape changes of E. coli during hyperosmotic 
shock using fluorescence imaging. This study found that outer-membrane impermeable solutes 
lead to a reduction in total cell volume with no plasmolysis and an additional lateral size 
reduction as the magnitude of hyperosmotic shock increases. Conversely, outer-membrane 
permeable solutes were found to cause plasmolysis immediately upon shock. Quickly 
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plasmolysed cells were observed to shrink predominantly at the poles while gradually 
plasmolysed cells were observed to shrink in length, width or both. 
Exposing bacterial cells to air, which has a water activity lower than that of the cell, causes water 
to move out thereby shrinking the cytoplasm. Although matric stress (air-drying) and 
hyperosmotic stress both result in water efflux from the cell, the rate and amount of water 
removed by matric stress is often greater than that removed by osmotic stress (Potts, 1994).  
Water activity of the immediate environment will determine the rate and severity of water efflux 
from cells. Typically, the external environment of cells under matric stress is the ambient 
atmosphere, while that of cells under osmotic stress is an aqueous solution. The water activity of 
an aqueous solution is affected by the concentration of solutes in solution, while that of air is 
affected by the relative humidity of the immediate environment (Billi and Potts, 2002). If there is 
a considerable difference in water activity between the cell and its immediate environment, the 
efflux of water out of the cell will happen at a rapid rate. Rapid drying often leads to plasmolysis 
and loss of cell structure and shape, while slow drying allows the accumulation of compatible 
solutes by the cell which help maintain cytoplasmic turgor and shape (Potts, 1994). 
1.2.3 Desiccation-induced damage 
Biological membranes consist of amphipathic phospholipids arranged in a bilayer (which shields 
the hydrophobic acyl chains from aqueous contact) as well as integral and peripheral proteins. 
Under physiological conditions, the membrane is described as a fluid mosaic due to the motional 
freedom of phospholipids in this structure (Beney and Gervais, 2001). 
Removing water from cells increases the packing density of the polar head of phospholipids 
causing an increase in the van der Waal forces between the carbon chains. This leads to an 
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increase in the membrane phase transition temperature (Tm) which causes the membrane to be in 
gel phase at room temperature (Fig. 1.1). Upon rehydration, membranes will return to the liquid-
crystalline phase and it is during this transition that damage to the membrane is said to occur 
(Garcia, 2011). 
Bushby and Marshall (1977a) reported that R. meliloti and R. leguminosarum suspended in a 
solution containing a fluorescent probe (1-anilino-8-naphthalene sulfonate) that binds to the 
hydrophobic regions of proteins do not fluoresce as these regions are not exposed to the external 
environment. However, cells exposed to desiccation stress fluoresced once rehydrated, 
suggesting that leakage of intracellular contents occurs upon rehydration. Salema et al. (1982b) 
also reported that the membrane rupture of R. trifolii (TA1) air-dried cells occurred upon 
rehydration and the loss of intracellular material was the cause of cell death. 
 
 
FIGURE 1.1: Schematic representation of the lipid bilayer as it transitions from a liquid-
crystalline phase to a gel phase after the removal of water and from a gel phase to a liquid-
crystalline phase upon rehydration. 
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Desiccated cells are also susceptible to chemical damage as a result of water removal and 
exposure to the atmosphere (Fig. 1.2). The formation of reactive oxygen species (ROS), 
particularly hydroxyl and peroxyl radicals during dehydration result in lipid peroxidation, 
denaturation of proteins and nucleic acid damage (Fredrickson et al., 2008). Reducing sugars 
may covalently react with the amino side chain of amino acid residues via non-enzymatic 
browning, or the Maillard reaction, causing protein damage (Li et al., 1996). 
During oxidative stress, ROS attack polyunsaturated fatty acids in membranes by initiating lipid 
peroxidation, which decreases membrane fluidity. Exposure of proteins to ROS causes 
modifications to the amino acid side chains which consequently alter protein structure and 
function (Cabiscol et al., 2000). Cells of E.coli dried to a water activity of 0.53 or below on a 
hydrophobic filter membrane showed that the removal of water induced single and double DNA 
strand breaks as the cells came into contact with the atmosphere (Asada et al., 1979). 
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FIGURE 1.2: Schematic representation of: (a) hydrated bacterial cell, (b) dehydrated cell 
exposed to stress damage and (c) dehydrated cell upon rehydration with loss of membrane 
integrity 
 
 
1.2.4 Desiccation tolerance mechanisms 
Prokaryotes have developed mechanisms of stress tolerance which allow them to overcome the 
detrimental effects of desiccation stress on membranes and protein structure and function (Crowe 
et al., 1971). The mechanisms involved include the production of extracellular polysaccharides 
(EPS), lipopolysaccharides (LPS), the accumulation of compatible solutes, as well as the 
expression of a number of repair and protective proteins. 
A study reporting on the response of B. japonicum USDA 110 to desiccation stress identified 
several genes related to synthesis of LPS that are upregulated in response to desiccation (Cytryn 
et al., 2007). The LPS of R. leguminosarum bv. viciae 3841 are composed of lipid A, located in 
the lipid membrane, a polysaccharide core and an O-antigen component which protrudes from 
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the cell. A mutant of R. leguminosarum bv. viciae 3841 unable to synthesise 27-
hydroxyoctacosanoate (one of the components of lipid A) was found to be more sensitive to 
desiccation stress than the parent strain (Vanderlinde et al., 2009). 
The production of EPS by Pseudomonas spp. was found to increase in response to desiccation 
stress. The EPS produced by these soil bacteria showed a high affinity for water and held 
approximately five times its weight in water. The production of EPS was suggested to increase 
desiccation tolerance by acting as a protective matrix keeping the immediate environment 
hydrated (Roberson and Firestone, 1992). A mutant of R. leguminosarum bv. viciae 3841, 
showed a three-fold reduction in EPS production and was found to be significantly more 
sensitive to desiccation stress than the wild-type. However, the addition of exogenous EPS to the 
mutant prior to drying restored desiccation tolerance to wild-type levels indicating that EPS play 
an important role in desiccation tolerance (Vanderlinde et al., 2010). 
A mutant strain of E. coli K-12 (AB2480), deficient in a DNA-repair protein regulated by the 
uvrA and recA genes, was found to be more sensitive to desiccation stress than the parent strain 
AB1157, suggesting that repair proteins are needed to successfully overcome desiccation stress 
(Asada et al., 1979). Microarray analysis of B. japonicum USDA110 in response to desiccation 
stress showed that a number of genes responsible for proteins involved in membrane protection, 
repair of DNA damage, stability of proteins and oxidative stress reduction were upregulated 
when compared to hydrated cells (Cytryn et al., 2007). They also reported that the number of 
genes upregulated by osmotic stress were significantly fewer than those upregulated by 
desiccation stress. However, 67 genes were commonly upregulated under both conditions, 
indicating that desiccation tolerance mechanisms are initiated by the removal of water from the 
cell.  
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Under osmotic and desiccation stress prokaryotes accumulate compatible solutes such as 
potassium ions, glutamate, glutamine, proline, glycine betaine and disaccharides including 
sucrose and trehalose to balance the internal water activity with that of the external environment 
(Deaker et al., 2004). In response to osmotic stress, R. meliloti 102F34 was found to accumulate 
glycine betaine, potassium ions and glutamate (Smith et al., 1988; Botsford and Lewis, 1990), 
while in B. japonicum under desiccation stress the induction (two-fold) of genes responsible for 
two trehalose biosynthetic pathways was correlated with elevated concentrations of intracellular 
trehalose (Cytryn et al., 2007).  
The accumulation of disaccharides as a response to desiccation stress is a common mechanism 
found in all anhydrobiotic organisms. Higher plants accumulate large amounts of sucrose, while 
lower plants, small animals and microorganisms accumulate trehalose (Crowe, 2002). 
1.3 Trehalose  
1.3.1 Properties of trehalose 
Trehalose is a non-reducing disaccharide comprised of two glucose units linked in a 1,1-
glycosidic linkage. Although there are three anomers of trehalose, namely α,β-1,1-trehalose, β,β-
1,1-trehalose and α,α-1,1-trehalose, only α,α-trehalose (Fig.1.3) is found in living organisms 
(Elbein et al., 2003). The name trehalose is commonly used to refer to the α,α-1,1- isomer and 
the α,β-1,1-, β,β-1,1- forms are known as neotrehalose and isotrehalose respectively. The 
glycosidic bond linking the two glucose units together is not cleaved by α-glucosidase and 
trehalose is not easily hydrolysed by acid (Richards et al., 2002). Its wide pH-stability range and 
high thermostability (Table 1) are properties which also contribute to the stability of trehalose as 
a disaccharide (Higashiyama, 2002).  
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FIGURE 1.3: Structure of the α,α-1,1-trehalose isomer naturally found in living organisms 
 
 
TABLE 1: Properties of trehalose (adapted from Higashiyama, 2002) 
Molecular formula C12H22O11 
Molecular weight 342.3 
Melting point (anhydride) 210°C 
Solubility (anhydride) 68.9 g/100 g H2O at 20°C 
pH stability of solution >99% (pH 3.5-10, at 100°C for 24 hrs) 
Heat stability of solution >99% (120°C for 90 min) 
 
1.3.2 Biosynthesis 
Trehalose is widespread throughout nature, being found in algae, bacteria, insects, invertebrates 
and plants. In bacteria, four different biosynthetic pathways have been described to date. The 
most common pathway, regulated by the otsAB genes, involves the condensation of glucose-6-
phosphate with UDP-glucose to form trehalose-6-phosphate by OtsA (trehalose-6-phosphate 
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synthase), followed by the subsequent dephosphorylation of trehalose-6-phosphate to trehalose 
by OtsB (trehalose-6-phosphate phosphatase). The TreYZ pathway is a two-step conversion of 
glucose polymers such as glycogen and starch into trehalose. TreY (maltooligosyl trehalose 
synthase) converts the α-1,4-glycosydic bond of the glucose polymer into an α-1,1-glycosidic 
bond via transglycosylation. Trehalose is then released from the end of the polymer via 
hydrolysis by TreZ (maltooligosyltrehalose hydrolase). The third pathway involves TreS 
(trehalose synthase) converting the α-1,4 bond of maltose to the α-1,1 bond of trehalose (Elbein 
et al., 2003; Avonce et al., 2006). The fourth pathway, identified in hyperthermophilic bacteria, 
involves trehalose glycosyltransferring synthase (TreT) converting nucleoside diphosphate 
glucose and glucose into trehalose (Woo et al., 2010). 
 
 
FIGURE 1.4: The three most common trehalose biosynthetic pathways present in rhizobia 
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The pathways for trehalose synthesis commonly found in rhizobia are the OtsAB, TreYZ and 
TreS pathways (Fig. 1.4), however, not all three independent pathways are found in all strains of 
rhizobia. B. japonicum USDA110 and B. elkanii USDA324 were found to have all three 
independent mechanisms for trehalose synthesis, while only the TreS pathway was observed in 
Rhizobium sp. NGR234 and no enzymes associated with trehalose synthesis were detected in R. 
tropici (Streeter and Gomez, 2006). Trehalose biosynthesis in R. leguminosarum bv. trifolii 
NZP561 was reported to be through the combined actions of the OtsAB and TreYZ pathways. 
Mutants of either otsA or treY genes were found to still be able to synthesise trehalose, however, 
double mutants (otsA,treY) failed to synthesise trehalose altogether (McIntyre et al., 2007). The 
genes coding for the three possible trehalose synthesis pathways (OtsA, TreYZ, and TreS) were 
present in the genome of S. meliloti 1021. The gene SMa0233 (otsA) was located in plasmid 
pSymA while SMb20574 (treY) and SMb20099 (treS) were located in plasmid pSymB 
(Dominguez-Ferrera et al., 2009). Two copies of the otsA gene were located in the chromosome 
and plasmid of R. etli CE3, and the latter was believed to be acquired by horizontal gene transfer 
(Reina-Bueno et al., 2012).  
Trehalose accumulates in rhizobia as a response to environmental stress such as desiccation, 
osmotic, salinity and heat stress. Cytryn et al. (2007) reported a two-fold increase in activity of 
the otsAB and treS genes in B. japonicum USDA110 as a response to drying cells on a 
polycarbonate membrane under vacuum. Increasing the osmotic pressure of the growth medium 
from 0.2 MPa to 1.44 MPa increased the amount of trehalose accumulated by R. leguminosarum 
bv. trifolii –TA1 by 100 mg/g of protein (Breedveld et al., 1991). A 2.2-fold increase in trehalose 
levels was reported in R. etli CE3 grown in minimal medium at 35°C compared to cells grown at 
28°C (Reina-Bueno et al., 2012). Growing R. leguminosarum bv. phaseoli USDA2667 under 1% 
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oxygen induces the accumulation of trehalose when compared to cells grown at 21% oxygen, 
independent of media composition (Hoelzle and Streeter, 1990). Hoelzle and Streeter (1990) 
suggested that the induction of trehalose biosynthesis under microaerobic conditions could 
explain the accumulation of trehalose in bacteroids in the oxygen limiting environment of the 
root nodule. Salt-stress has also resulted in the accumulation of trehalose by Rhizobium sp. 
ATCC51466 when 400 mM of sodium chloride was added to the growth medium (Ghittoni and 
Bueno, 1995). 
1.3.3 Role of trehalose in desiccation tolerance 
Trehalose is believed to play an important role in promoting desiccation tolerance in rhizobia. 
Adding 3 mM trehalose to the growth medium of B. japonicum USDA110 increased intracellular 
trehalose accumulation by three-fold, which in turn resulted in a 294% increase in survival of 
cells after 24 hours of being air-dried on soybean seed (Streeter, 2003). Streeter (2007) reported 
that adding sodium chloride and trehalose to the growth medium of USDA110 cultures resulted 
in a larger increase in trehalose accumulation than using trehalose alone. Once again, the 
concentration of accumulated trehalose was highly correlated with improved survival after 48 
and 98 hours of air drying on soybean seed. 
Rhizobium leguminosarum bv. trifolii NZP561 synthesises trehalose through the OtsAB  and 
TreYZ pathways and although mutants deficient in either pathway accumulate trehalose in 
amounts similar to the wild-type, double mutants fail to accumulate detectable amounts of  
trehalose. After two and a half hours of air drying on glass beads, 70% of NZP561 (wild-type) 
and 63% of otsA, treY mutant cells were recovered. However, 24 hours after drying, recovery of 
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viable cells was 39% for NZP561 and < 0.001% for the double mutant, clearly highlighting the 
importance of trehalose in desiccation tolerance and survival (McIntyre et al., 2007). 
Trehalose accumulation has also been correlated with improved stress tolerance in free-living 
cells of R. etli (Suarez et al., 2008). Suarez et al. (2008) found that a strain of R. etli that 
overexpresses OstA (Ox) grew to significantly higher numbers under hyperosmotic conditions 
than the wild-type (WT) and an ostA deficient mutant (ostA
-
). Exponentially grown cells of the 
Ox strain were also reported to survive significantly better after exposure to heat shock and when 
freeze-thawed prior to plating. This study also reported a 27% increase and a 26% decrease in 
nodule numbers when common bean plants (Phaseolus vulgaris) were inoculated with the Ox 
and ostA
-
 strains respectively compared to plants inoculated with the WT. The specific activity of 
nitrogenase (nmol /min/g of fresh nodule) measured using the acetylene-reduction assay was 
found to increase by 38% and decrease by 45% after inoculation with Ox and ostA
-
 respectively 
when compared to inoculation with the WT. Suarez et al. (2008) concluded that the 
overexpression of OstA and increased accumulation of trehalose in R. etli increases its capacity 
not only to survive stress but to also infect or escape defence mechanisms in nodulating plants 
leading to higher number of nodules and nitrogenase activity. 
1.3.4 Mechanisms of bioprotection 
Although there is ample evidence in the literature to suggest that trehalose plays a major role in 
desiccation tolerance, its mechanisms of bioprotection remain a matter of debate. Three main 
hypotheses have been formulated to explain the mechanisms whereby trehalose protects 
organisms during the process of dehydration and rehydration. The water-replacement hypothesis 
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suggests that during dehydration trehalose replaces water molecules by forming hydrogen bonds 
with the lipid headgroup of membranes and proteins.  
Crowe et al. (1984) found trehalose was superior in preserving the functional and structural 
integrity of membranes at low water activity in comparison to lactose, maltose, sucrose and other 
carbohydrates. They proposed that the maintenance of structure and function was a result of 
trehalose acting as a water substitute in dry systems. A molecular dynamics study found that 
trehalose interacted directly with membranes, partially replacing water in the formation of 
hydrogen bonds with lipid headgroups (Pereira and Hunenberger, 2008). 
The vitrification hypothesis proposes that trehalose protects biostructures through the formation 
of biological glasses, which reduce structural changes and prevent denaturation. A biological 
glass being an amorphous (non-crystalline) biomolecular matrix which forms a liquid with 
extremely high viscosity in which mobility of the components is highly restricted (Crowe, 2002). 
It has been argued that vitrification can suppress the membrane phase transition temperatures 
(Tm) of the dried bilayer. Drying cells of E. coli DH5a and Bacillus thuringiensis HD-1 caused an 
increase in Tm compared to that of the hydrated cells, however, adding trehalose to the cells 
before freeze-drying prevented this increase, maintaining the Tm of the dry samples near that of 
the hydrated ones (Leslie et al., 1995). 
The African chironomid (Polypedilum vanderplanki) have trehalose concentrations up to 18% of 
their dry body weight and are able to revive upon rehydration, suggesting that trehalose 
contributes to its anhydrobiotic ability through the formation of biological glasses (Sakurai et al., 
2008). A study of P. vanderplanki, reported that a baseline shift in the heat absorption measured 
by scanning differential calorimetry showed a glass transition state caused by slow dehydration. 
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Glass transition temperatures (Tg) indicated that the larval cytoplasm was in a glassy state at 
temperatures below 62°C and in a rubbery state at temperatures greater than 71°C.  
The water entrapment hypothesis proposes that as a system dries, water concentrates at the 
protein-trehalose interface becoming trapped there by glass formation (Belton and Gil, 1994). An 
atomistic molecular dynamics simulation study using egg-white lysozyme in solution in the 
presence or absence of trehalose (0.5 M), showed that trehalose molecules tend to cluster and 
move towards the protein surface. Trehalose was reported to compete with the protein to 
participate in hydrogen bond formation with the trapped water molecules at the interface, 
reducing the number of protein-solvent bonds by a factor of four. The stabilization of the protein 
native structure was believed to be enhanced by the reduced electrostatic solvation properties of 
the water layer towards the protein in the presence of trehalose (Lins et al., 2004). Corradini et 
al. (2013) found that trehalose entraps water at the protein interface by forming a transient 
structure described as a cage. They observed that the dynamics of water in the layers close to the 
protein is significantly slower when trehalose is present in aqueous solutions of lysozyme and 
concluded that this slow water keeps the protein hydrated and inhibits crystallization.  
There seems to be a consensus that these mechanisms of trehalose bioprotection are not 
necessarily mutually exclusive and may occur simultaneously. Sakurai et al. (2008) found that 
not only were the P. vanderplanki larvae in a glassy state when dehydrated but trehalose had also 
formed hydrogen bonds with phospholipids and that membranes remained in the liquid-
crystalline state.  
While many disaccharides provide adequate protection from desiccation damage, trehalose has 
proven to be one of the most effective protectants for membrane preservation, with applications 
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in the pharmaceutical, medical and food industries (Crowe et al., 2001). A study comparing the 
efficacy of six disaccharides and glucose in preserving the integrity of supported lipid bilayers 
(SLBs) found that α,α-trehalose was the most effective disaccharide upon water removal 
(Albertorio et al., 2007).  This study indicated that the α,α-(11) linkage of trehalose was the 
key to its efficacy as α,α-galacto-trehalose preserved lipid bilayer structure almost as well as α,α-
trehalose and α,β-trehalose afforded almost no protection. 
Albertorio et al. (2007) suggested that the axial-axial linkage of α,α-trehalose and α,α-galacto-
trehalose allows those molecules to adopt a clam shell configuration as they crystallise, which 
may facilitate interactions with the headgroup region by creating a more suitable hydrogen-
bonding geometry to adjacent lipids. While the axial-equatorial linkage of α,β-trehalose, maltose 
(14) and sucrose (12), and the equatorial-equatorial linkage of lactose (14) adopt an open 
crystal structure (Fig. 1.5).  
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FIGURE 1.5: Structure of (a) α,α-trehalose, (b) α,β-trehalose, (c) maltose, (d) α,α-galacto-
trehalose, (e) sucrose, (f) lactose, and (g) glucose. Trehalose and galacto-trehalose crystallise in a 
clam shell configuration due to the axial-axial linkage, while the other disaccharides and glucose 
crystallise in an open configuration (Albertorio et al., 2007). 
 
 
Finally, trehalose has been reported to play a role in protecting cells from damage by ROS. 
Oxidative damage to amino acids in cellular proteins was observed after exposure of 
Saccharomyces cerevisiae cells to hydrogen peroxide. The addition of exogenous trehalose 
increased cell viability of S. cerevisiae and trehalose accumulation was found to protect cells 
from oxidative damage by ROS. A mutant strain of S. cerevisiae, unable to synthesise trehalose 
was much more sensitive to ROS than the wild-type (Benaroudj et al., 2001). It was proposed 
that trehalose prevents oxidative damage by acting as a free-radical scavenger rather than by 
facilitating cellular responses such as the breakdown of damaged proteins. 
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1.4 Aims of the project 
One of the major factors affecting survival of rhizobia on seed is desiccation stress. The research 
reported in this thesis focused on exploring the physiological mechanisms for desiccation 
tolerance in two strains of rhizobia. A clearer understanding of these mechanisms will contribute 
knowledge that the inoculant industry may exploit to enhance the robustness of rhizobia prior to 
delivery to the legume rhizosphere. An increased capacity for desiccation tolerance may also 
improve the efficacy of ready-to-use inoculants products such as preinoculated seed. 
 
Individual aims: 
 
1. Determine the effect of growth conditions on intracellular trehalose accumulation by rhizobia. 
2. Examine the relationship between trehalose accumulation and survival of rhizobia under 
desiccation stress. 
3. Measure changes in membrane integrity, metabolic activity, cell morphology and protein 
expression after growth of rhizobia in peat and aqueous peat extract and relate to desiccation 
tolerance. 
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CHAPTER 2 
GENERAL METHODS AND MATERIALS 
Introduction: 
This chapter details the experimental procedures and materials used throughout this study. It is 
presented as an independent chapter as many of the growth conditions, materials and methods 
described within were repeated throughout this work. 
2.1 Rhizobial strains and strain maintenance 
The two rhizobial strains used in this study were Rhizobium leguminosarum bv. trifolii TA1 and 
Bradyrhizobium japonicum CB1809 and their legume hosts are listed in Table 2.1. In Australia, 
TA1 and CB1809 are the strains used for the commercial production of clover and soybean 
inoculant products respectively. These two strains were selected as model strains to represent 
poor survival (TA1) and good survival (CB1809). 
Cultures of TA1 and CB1809 were obtained from the SUNfix culture collection, Faculty of 
Agriculture and Environment, University of Sydney. Both strains were maintained on yeast-
mannitol agar (YMA) at 4°C or in 24% (v/v) glycerol containing 6% (w/w) peptone at -80°C. 
Recipes and sources for all media and buffers are listed in Appendix I. 
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TABLE 2.1: List of rhizobial strains used throughout this study  
Species 
 
Strain
A 
Host Common name 
 
Bradyrhizobium japonicum 
 
CB1809 
 
 
Glycine max 
 
Soybean 
 
Rhizobium leguminosarum bv. trifolii 
 
TA1 
 
Trifolium alexandrium 
Trifolium dubium 
Trifolium fragiferum 
Trifolium glomeratum 
Trifolium hybridum 
Trifolium pratense 
Trifolium repens 
 
Egyptian clover 
Suckling clover 
Strawberry clover 
Ball clover 
Alsike clover 
Red clover 
White clover 
A
Strain designation according to the original collection: CB, CSIRO Brisbane; TA, Tasmanian Department of 
Agriculture.  
 
2.2 Growth of rhizobial strains 
Rhizobia were grown in a range of different media to determine the effect of media composition 
on desiccation tolerance. Sterile media (20 mL) was inoculated with a cell suspension of TA1 
and CB1809 and grown aerobically at 28°C on a rotary shaker (125 rpm). Unless otherwise 
stated, cultures were always grown in triplicate to replicate culture conditions. Growth curves for 
both strains using different media were obtained by growing TA1 (7-10 d) and CB1809 (11 d) 
aerobically under the conditions mentioned. All physiological studies conducted on TA1 and 
CB1809 were carried out at early stationary phase of growth (4 and 7 d respectively).  
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2.3 Preparation of growth media with altered osmotic pressure  
John’s minimal medium (JMM) (O’Hara et al., 1989) was selected as it allows for the 
manipulation of its water activity by altering osmotic pressure through the addition of extra 
solutes (Table 2.2). Equation 1 was used to estimate the final osmotic pressure of JMM as a 
growth medium. 
Equation 1: 
      
Where:   = osmotic pressure (atm), M = molarity of solutes (mol/L), R = ideal gas constant 
(0.0821 L atm/K mol), T = Kelvin temperature (°C + 273) (Zumdahl, 1989). 
TABLE 2.2: Composition and final osmotic pressure of growth media 
 
Defined medium Concentration of extra solutes Osmotic pressure (atm) 
JMM - 1.0 
JMM 40 mM NaCl + 10 mM trehalose 2.2 
JMM 40 mM NaCl + 20 mM trehalose 2.4 
JMM 50 mM NaCl + 14 mM trehalose 2.5 
JMM 50 mM NaCl + 25 mM trehalose 2.8 
 
 
2.4 Estimating viable cell numbers 
A 10-fold dilution series was prepared from triplicate broth cultures to a final dilution of 10
-8
 
using phosphate-peptone buffer (PPB) as a diluent and aliquots (100 µL) spread on YMA plates. 
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Viable cell numbers were estimated by counting colony forming units (CFU) after incubating the 
plates at 28°C until colonies were visible at three to six days depending on the strain. 
2.5 Quantifying total cell protein 
Cells were harvested from broth cultures by centrifugation at 14,400 × g for 5 min. Cells were 
resuspended in 100 µL of phosphate buffer (pH 7.4) and 100 µL of 1 M NaOH was added and 
samples were heated in a boiling water bath for 5 min. After cooling, 200 µL of 0.5 M HCl was 
added and samples centrifuged for 5 min at 14,400 × g. The amount of protein in the supernatant 
was determined following the Coomassie blue dye binding method of Bradford (1976) with 
bovine serum albumin (BSA) in 1% (w/v) NaCl used as a standard. 
2.6 Desiccation tolerance of rhizobia grown in different culture media 
Cells of TA1 and CB1809 were harvested at early stationary phase of growth (4 and 7 d 
respectively) by centrifugation at 14,400 × g for 5 min and washed twice in sterile water before 
resuspending in a 1 mL aliquot of sterile water. Water suspensions of cells were used to 
determine desiccation tolerance. Desiccation tolerance of cells grown in different media was 
determined using a modified vacuum drying technique as described by Deaker et al. (2007). 
Aliquots (100 µL) of cell suspensions were transferred to sterile glass ampoules (Fig 2.1a) and 
dried under vacuum at 0.1 torr for 2 h. Dried cells were then resuspended by placing the glass 
ampoules (cut in half using a glass file) in McCartney bottles containing 10 mL of phosphate-
peptone buffer (PPB) pH 7.2 (Fig. 2.1b) and shaking vigorously on a wrist-action shaker for 15 
min. A 10-fold serial dilution of the suspension was made to a final dilution of 10
-3
 and aliquots 
(100 µL) spread on YMA plates. Viable cell numbers were estimated by counting CFU after 
incubating the plates at 28°C for three to six days. 
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2.7 Desiccation tolerance of rhizobia in the presence of external protectants 
Cells of TA1 and CB1809 were harvested as described in section 2.6. In addition to water 
suspensions of cells, cell pellets were also resuspended in 1 mL of polyvinyl alcohol (PVA) 5% 
w/v and trehalose solution (34% w/v) prior to drying under vacuum as per described in section 
2.6. 
 
 
FIGURE 2.1: (a) Glass ampoule containing 100 µL of cell suspension to be dried under 
vacuum. (b) McCartney bottle containing dried cells to be rehydrated in 10 mL of PPB 
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2.8 Survival of rhizobia during storage 
Ampoules containing dried cells of rhizobia and loosely stoppered with non-absorbent cotton 
wool were placed in relative humidity chambers after vacuum drying and stored at 4°C (Fig. 
2.2). This storage temperature was chosen for the purpose of maintaining consistent and 
reproducible storage conditions. Three different relative humidity chambers were produced using 
silica gel, saturated KOH solution or water in airtight containers for an average relative humidity 
of 9%, 58% and 98% respectively. Relative humidity and temperature were monitored using 
Tinytag Talk 2 data loggers. After different periods of storage, ampoules were resuspended in 
PPB, shaken, diluted and viable cell numbers estimated by counting CFU on YMA plates as 
described in section 2.6. 
 
 
 
FIGURE 2.2:  Relative humidity chamber for the storage of dried cells of rhizobia 
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2.9 Extraction and measurement of intracellular trehalose 
Trehalose was measured in cells of TA1 and CB1809 grown in different media. Cells were 
harvested by centrifugation at 12,000 × g and 4°C for 10 min. Intracellular trehalose was 
extracted from the cells using a modified method of Streeter (1985). Pellets were washed twice 
in cold sterile JMM before resuspending in 80% (w/v) ethanol, boiling for 5 min and 
centrifuging again for 10 min at 12,000 × g. The supernatant was then evaporated overnight at 
65°C in a fan forced oven and the dried extract resuspended in MilliQ water. Reducing sugars 
were removed from the extracts (according to the Megazyme® recommended method) by adding 
an equal volume of sodium borohydride (264 mM) and incubating at 40°C for 30 min. Excess 
sodium borohydride was diluted by adding 200 mM acetic acid (0.5 mL) and the solution 
neutralised by adding 2 M imidazole buffer (0.2 mL). Trehalose was measured indirectly 
according to the method outlined in the Megazyme® trehalose kit. Principles of the enzyme kit 
and calculations are outlined in Appendix II. 
2.10 Trehalose recovery 
A standard trehalose solution was prepared (1 µg/µL) using trehalose dihydrate (111 mg 
dissolved in 100 mL of water). Aliquots of the standard trehalose solution (10, 50, 100 and 150 
µL) were added to centrifuge tubes containing 3 mL of 80% (w/v) ethanol, boiled for 5 min and 
centrifuged for 10 min at 12, 000 × g. The supernatant was then evaporated overnight at 65°C in 
a fan forced oven and the dried extract resuspended in MilliQ water. Reducing sugars were 
removed and trehalose measured as described in section 2.9. 
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2.11 Washing-out of trehalose 
The three supernatants from section 2.9 were collected and their trehalose content measured. 
Reducing sugars in the supernatants were removed and trehalose measured as described in 
section 2.9. 
2.12 Preparation of peat cultures 
Gamma-irradiated peat mined in Millicent, South Australia was supplied by New Edge 
Microbials Pty Ltd. The peat had been packaged before sterilisation with gamma irradiation. 
This source of peat is used as a commercial inoculant carrier by New Edge Microbials Pty Ltd. It 
promotes the growth of rhizobia and maintains high numbers during the storage of the inoculant 
product. 
Prior to inoculation, the moisture content of gamma-sterilised peat was determined by measuring 
the weight loss of a three replicate 10 g samples by drying them at 75°C overnight. Moisture 
content was adjusted to 20% by injecting sterile water aseptically into the peat bags. 
Broth cultures of rhizobia in JMM were grown to late log phase and injected aseptically into the 
peat bags to 50% final moisture content and mixed manually. Peat cultures were incubated at 
28°C for two weeks and then stored at 4°C for another two weeks prior to cell extraction. 
2.13 Extraction of cells from peat 
Cells were extracted from peat cultures by suspending 10 g in 90 mL of sterile PPB (pH 7.2) and 
shaking vigorously on a wrist-action shaker for 15 min. Peat particles were removed by 
centrifuging the suspension at 250 × g for five min. The supernatant was retained and centrifuged 
at 10,000 × g to harvest the cells. The harvested cells were resuspended in 3 mL of 0.4 M 
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sorbitol, 10 mM TES.KOH (pH 7.2) solution and added to 30 mL of the same solution 
containing 70% (v/v) Percoll. The resuspended cells were centrifuged for 15 min at 16,000 × g. 
Cells were collected by removing an opaque band which formed near the bottom of the tube and 
diluted 1:5 with 0.4 M sorbitol, 10 mM TES.KOH (pH 7.2) solution. Cells were harvested by 
centrifuging for five min at 14,400 × g, resuspended in water and desiccation tolerance after 
vacuum drying and during storage was determined as described in sections 2.6 and 2.8. 
2.14 Preparation of aqueous peat extract 
Gamma-sterilised peat was supplied by New Edge Microbials Pty Ltd. The peat extract 
preparation was adapted from the method described by Roughley and Vincent (1967). Aqueous 
peat extract was prepared by suspending peat (50 g) in MilliQ water (100 mL) and shaking 
vigorously for 20 min using a wrist-action shaker followed by centrifuging at 10,300 × g for 10 
min. The supernatant was filtered through a Whatman No. 1 filter paper and the filtrate passed 
through a sterile 0.2 µm syringe filter with a cellulose acetate membrane. The pH of the aqueous 
peat extract was 7.4. Dilute concentrations of aqueous peat extract were prepared by suspending 
25 g and 12.5 g of gamma-sterilised peat per 100 mL of MilliQ water. The peat used throughout 
this work was obtained from the same commercial batch. 
2.15 Fractionation of crude peat extract 
Sequential ultrafiltration using 1000 kDa, 50 kDa and 3 kDa centrifugal units (Vivaspin® 20) 
was carried out to separate large (< 1000 kDa), medium (< 50 kDa) and small (< 3 kDa) colloidal 
fractions from the crude peat extract. The sequential method involved centrifugation of the crude 
peat extract in 1000 kDa ultrafiltration units (3,000 × g; 20 min) to obtain a peat extract fraction 
of colloids < 1000 kDa. A portion of the filtrate was then transferred to a 50 kDa ultrafiltration 
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unit and centrifuged (3,000 × g; 45 min) to collect the medium size colloid fraction. The 
resulting filtrate was centrifuged (3,000 × g; 2 h) in a 3 kDa ultrafiltration unit and the filtrate 
retained as the small size fraction. All colloidal fractions (Fig. 2.3) were sterilised using sterile 
syringe filters (0.2 µm).  
 
 
FIGURE 2.3: Peat extract and its colloidal fractions. (a) The resulting colloidal fractions (20 
mL) can be observed to lighten in colour as colloid sizes decrease and (b) shows the turbidity of 
the medium resulting from four days growth of TA1 
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2.16 Calibration of  LIVE/DEAD
®
 BacLight™ Bacterial Viability Kit 
TA1 and CB1809 were harvested by centrifugation at 7,400 × g for 10 min and resuspended in 2 
mL of 0.85% (w/v) NaCl. A live cell suspension was prepared by diluting half of this suspension 
(1 mL) in 20 mL in 0.85% (w/v) NaCl and cells in the other half were killed by diluting in 20 mL 
of 70% ethanol in 0.85% (w/v) NaCl. The cell suspensions were incubated for 1 h at room 
temperature with gentle mixing by hand every 15 min to ensure the cells in ethanol were killed. 
The cells were collected by centrifugation at 7,400 × g for 10 min and washed once with 20 mL 
of 0.85% (w/v) NaCl before resuspending in 10 mL of 0.85% (w/v) NaCl. Live and dead cell 
suspensions were plated on YMA to ensure cells treated with ethanol were dead and that the live-
suspension contained culturable cells. Live/Dead cell preparations were prepared in 0:100, 10:90, 
50:50, 90:10 and 100:0 ratios. 
An aliquot of 100 µL from each live/dead suspension was transferred to a 96-well flat-bottom 
microplate in triplicate. Samples were then mixed with 100 µL of the nucleic acid stains (SYTO9 
and propidium iodide) from a LIVE/DEAD
®
 BacLight™ Bacterial Viability Kit (L7012) in a 1:1 
ratio and incubated in the dark for 15 min. Fluorescence was measured using a Synergy H4 
Hybrid microplate reader with excitation/emission set at 485 nm/530 nm for measurement of 
green fluorescence and 485 nm/630 nm for measurement of red fluorescence. 
2.17 Membrane integrity assay of TA1 and CB1809 grown in different media 
Cells of TA1 and CB1809,  grown in JMM (1.0 atm), JMM (2.5 atm) and peat extract as 
described in section 2.2, were harvested by centrifugation, washed in 0.85% (w/v) NaCl and 
resuspended in 0.85% (w/v) NaCl for viability staining as described in section 2.16. The cell 
suspension in 0.85% (w/v) NaCl was 10-fold serially diluted and 100µL plated on YMA plates 
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for colony counting. The plates were incubated at 28
◦
C for 3 to 7 days depending on the strain. 
Each dilution (100 µL) was transferred to a 96-well flat-bottom microplate and an equal volume 
of 1:1 nucleic acid stain mixture added. Samples were incubated for 15 min in the dark before 
green and red fluorescence was measured as described in the calibration procedure (section 
2.16). 
2.18 Measuring cell metabolism using alamarBlue
®
 
 
Cells of TA1 and CB1809 were grown in JMM (1.0 atm), JMM (2.5 atm) and crude peat extract 
as described in section 2.2 and at early stationary phase of growth, a 10-fold dilution of each 
broth culture was made using sterile growth media. A 2-fold serial dilution to approximately 10
-4 
using sterile media followed and each dilution was dispensed (100 µL) into a sterile 96-well 
microtiter plate (Fig. 2.4). An aliquot of alamarBlue® reagent (10 µL) was then added to each 
well and the plate incubated at 28°C with continuous shaking by a Synergy H4 Hybrid 
microplate reader. Fluorescence readings were taken every 30 min (peak excitation wavelength 
of 540 nm and a peak emission of 590 nm) for a period of four h. 
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FIGURE 2.4: Dilution of TA1 and CB1809 broth cells prior to being dispensed into a 96-well 
microtiter plate for measurement of cell metabolism using alamarBlue® 
 
2.19 Specimen preparation for Transmission Electron Microscopy (TEM) 
Cells grown in peat extract and JMM (1.0 and 2.5 atm) were harvested by centrifugation at 7,400 
× g for 10 min and fixed by resuspending in 2.5% (v/v) gluteraldehyde in 0.1 M phosphate buffer 
saline (PBS), pH 7.2 for 1 h at 4°C. Fixed cells were collected by centrifugation and soaked three 
times for 10 min in 0.1 M PBS. The final cell suspension was centrifuged and the supernatant 
discarded. Melted agarose 3% (w/v) in 0.1 M PBS (pH 7.2) was added to the cell pellet, 
centrifuged for 30 s at 7,400 × g and allowed to stand for 10 min at 4°C. The embedded pellets 
were cut from the tubes and placed in 1% (w/v) OsO4 for 2 h for secondary fixation. Samples 
were then dehydrated using an ethanol gradient. Water was removed by soaking the pellets three 
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times for 5 min in 30%, 50%, 70%, 90% ethanol and three times for 10 min in 100% ethanol. 
Cells were then infiltrated with Spurr’s resin by placing the dehydrated samples in 25 % resin for 
2 h, 50% overnight, 75% for 2 h, 100% for 1 h and left overnight in 100% resin. 
Samples were embedded in BEEM® capsules with fresh 100% resin and polymerized overnight 
at 65°C. The embedded samples were cut into ultrathin sections (70 nm) using a Leica Ultracut S 
ultramicrotome fitted with a glass knife produced using a Leica KMR3 Knifemaker. Ultrathin 
sections were transferred to a 200 mesh copper grid and post-stained for 10 min in 2% (w/v) 
uranyl acetate (aqueous) and 10 min in Reynold’s lead citrate prior to imaging. Stained sections 
were examined using a JEOL 1400 (120 kV) transmission electron microscope fitted with a high 
brightness LaB6 electron source. Three sections for each sample were examined using a Gatan 
large-area camera. 
2.20 Total cell protein extraction for SDS-PAGE 
Cells were harvested by centrifugation from broth cultures of each growth medium (7,400 × g for 
10 min), washed once in phosphate buffer (pH 7.2) and resuspended in 62.5 mM Tris.HCl (pH 
6.8) containing 20% (v/v) glycerol, 2% (w/v) SDS, 5% (v/v) β-mercaptoethanol for protein 
extraction. Samples were then heated for 5 min in a boiling water bath, allowed to cool then 
centrifuged (7,400 × g for 10 min) and the supernatant containing the solubilised proteins 
collected. Total protein was measured using the Bradford method (1976) with BSA in 1% (w/v) 
NaCl used as a standard. 
2.21 SDS-PAGE and peptide analysis 
Solubilised proteins (30 µg from TA1 and 25 µg from CB1809) were mixed with loading dye 
and boiled for 5 min prior to analysis by SDS-PAGE (Laemmli, 1970).  Proteins were separated 
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using a 12% (w/v) resolving polyacrylamide gel at 4°C in a Protean®II xi Cell (BIO-RAD 
Laboratories, Detroit, MI, USA; 16 cm x 16 cm x 1.5 mm) vertical system.  The running 
conditions were 30 mA constant current per gel in a buffer (pH 8.3) containing 25 mM Tris, 192 
mM glycine and 0.1% (w/v) SDS. Three replicate gels were produced and an unstained Precision 
Plus Protein™ Standard (BIO-RAD) was used to estimate the molecular weight of proteins. 
Gels were fixed in a 10% (v/v) methanol, 7% (v/v) acetic acid solution for 1 h prior to staining 
overnight in a blue-silver stain solution (Candiano et al., 2004) and de-stained in 1% (v/v) acetic 
acid. Gels were imaged using a BIO-RAD ChemiDoc XRS system and gel band analysis was 
carried out using the band analysis feature of Quantity One® software.  
Peptide analysis was carried out at the Sydney University Proteome Research Unit (SUPRU), 
Sydney-Australia. The selected bands were excised from the gel, diced, de-stained and digested 
with trypsin overnight. Tryptic digestion and electrospray ionization-tandem mass spectrometry 
(ESI-MS/MS) were performed as described by Ly et al. (2011). Diced bands were de-stained 2-4 
times for 10 min each in 60% (v/v) 20 mM ammonium bicarbonate, 40% (v/v) acetonitrile, then 
rinsed twice in acetonitrile, dried with a vacuum centrifuge (Concentrator 5301, Eppendorf, 
Hamburg, Germany) and rehydrated in 10 µL of 12 ng/µL sequencing grade porcine trypsin 
(Promega, Sydney, Australia) for 1 h at 4 °C, excess trypsin was removed and 15 µL of 20 mM 
ammonium bicarbonate added and samples were then incubated at 37°C overnight.  
Peptides were concentrated and desalted using C18 micro-columns (Millipore, Billerica, MA, 
USA) according to the manufacturer’s protocol, then eluted in 5 µL of 70% acetonitrile and 0.1% 
formic acid into a low-bind 96-well plate (Eppendorf, Dusseldorf, Germany) and then diluted 
with 45 µL of 0.1% (v/v) formic acid. Peptides were desalted on a ZORBAX 300SB-C18 trap (5 
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μm, 5 x 0.3 mm, Agilent Technologies) and separated using a an in-house prepared fritted nano 
column packed with Reprosil–Pur C18 column (3 µm, 75µm x 150 mm; Dr Maish GmbH, 
Ammerbuch, Germany) on an Agilent 1100 HPLC system coupled to an AB Sciex Q-STAR 
Elite Q-TOF MS for analysis.   
Peptides were eluted using a gradient of 5–40% buffer B mixed with buffer A (buffer A: 0.1% 
(v/v) formic acid; buffer B: 0.1% (v/v) formic acid in acetonitrile) at a flow rate of 0.3 µL/min.  
MS survey scans were performed over a range of 350–1750 m/z followed by 3 data-dependent 
MS/MS scans over a range of 65-2000 m/z. Peak lists were generated using ProteinPilot 
Command Driver vr 0.3 software (AB Sciex) and analysed using MASCOT version 2.4 database 
(Matrix Science, London, UK) 
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CHAPTER 3 
THE EFFECT OF OSMOTIC PRESSURE ON TREHALOSE 
ACCUMULATION AND SURVIVAL IN RHIZOBIA 
3.1 Introduction 
Poor survival of rhizobia on legume seed has long been recognized as a major impediment to 
legume productivity and is a result of several factors including desiccation (Deaker et al., 2004).  
Significant losses in viable cell numbers occur during the drying and storage of coated seed and 
death rate is dependent on the rate of drying and relative humidity during storage (Deaker et al., 
2012; Hartley et al., 2012). The capacity for prokaryotes to survive desiccation stress requires a 
variety of physiological responses ranging from cellular protection to repair of desiccation-
induced damage (Billi and Potts, 2002). These responses include the production of 
exopolysaccharides (EPS), the induction of stress response proteins which protect cell 
membranes and repair DNA damage, and the accumulation of compatible solutes (Cytryn et al., 
2007; Vanderlinde et al., 2010). 
Rhizobia accumulate intracellular compounds referred to as compatible solutes as a response to 
osmotic and desiccation stress (Vriezen et al., 2007). Compatible solutes can be either 
synthesised de novo by rhizobia or transported into the cell from the environment via active 
uptake systems (Streeter, 1985). Trehalose is a non-reducing disaccharide which is believed to 
act as a compatible solute by maintaining membrane structure through the formation of 
biological glasses which protect proteins and other macromolecules from denaturation during 
desiccation (Crowe et al., 1984). The intracellular accumulation of trehalose in rhizobia has been 
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observed to significantly improve desiccation tolerance (Streeter, 2003; McIntyre et al., 2007; 
Streeter, 2007).  
There are three pathways that regulate the accumulation of trehalose in rhizobia involving the 
treYZ, otsAB and treS genes. Biosynthesis of trehalose in Rhizobium leguminosarum bv. trifolii 
NZP561 involves the TreYZ and OtsAB pathways and mutants deficient in either pathway 
accumulate trehalose in amounts similar to the wild–type. However, double mutants fail to 
accumulate any trehalose and are also more sensitive to desiccation stress (McIntyre et al., 
2007).  
The amount of accumulated intracellular trehalose varies between strains, species, growth stages 
and conditions. Streeter (1985) reported that Rhizobium japonicum USDA110 and USDA138 
accumulated more trehalose than USDA123 when ammonium nitrate was used in the growth 
medium as a source of nitrogen, compared to urea or glutamate. However, no explanation was 
given for this variation in trehalose accumulation as a result of different nitrogen sources in the 
growth medium. In Rhizobium leguminosarum bv. trifolii NZP561, peak trehalose concentrations 
are reached in the early stationary phase of growth and decline during stationary phase due to 
catabolism as carbon in the growth medium becomes depleted (McIntyre et al., 2007). 
Previous studies have reported that increasing the osmotic pressure of the growth medium 
through the addition of solutes such as sodium chloride increases the amount of accumulated 
trehalose. Breedveld et al. (1991) reported that intracellular trehalose in Rhizobium 
leguminosarum bv. trifolii TA1 increased from below detection limit up to 135 µg/mg protein as 
osmotic pressure of the medium increased. Similarly, Breedveld et al. (1993) found that the 
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amount of intracellular trehalose in Rhizobium meliloti SU47 increased from 3 (at time zero) to 
280 µg/mg protein after 80 hours of incubation in a medium containing 400 mM NaCl.   
Streeter (2007) found that adding 40 mM sodium chloride to the medium, increased trehalose 
accumulation in bradyrhizobia by two- to threefold and that trehalose content gradually increased 
with further additions of sodium chloride up to 60 mM. However, growth of bradyrhizobia was 
significantly reduced when grown in basal medium containing 60 mM sodium chloride. 
The addition of 3 mM trehalose to the growth medium increased intracellular trehalose 
concentration by threefold to 6.6 µg/mL  in  B. japonicum USDA110 cell culture and cells grown 
in 6 and 9 mM exogenous trehalose increased trehalose contents to 10.3 and 12.5 µg/mL 
respectively (Streeter, 2003).  It was concluded that although USDA110 does not grow when 
trehalose is the sole source of carbon, it is able to accumulate the sugar at a slow rate in response 
to increased external osmotic pressure as a way of maintaining isosmotic equilibrium. In a 
subsequent study, Streeter (2007) found that sodium chloride and trehalose had a cumulative 
effect when added to the medium. The addition of 40 mM sodium chloride and 3 mM trehalose 
resulted in a five-fold increase in trehalose accumulation in B. japonicum. 
There is evidence that increased amounts of intracellular trehalose, whether synthesized or taken 
up by the cells from the growth medium, plays an important role in desiccation tolerance. 
Survival of bradyrhizobia was highly correlated to accumulation of increasing amounts of 
trehalose (Streeter, 2007). A two- to threefold increase in intracellular trehalose resulted in a 
294% increase in survival of USDA110 after 24 hours desiccation on soybean seed (Streeter, 
2003). There was 70% recovery of cells of NZP561 after two and a half hours of air drying when 
intracellular trehalose was 140 µg/mg of protein. At the same time, no intracellular trehalose was 
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detected in the otsA, treY mutant and cell recovery was 63%.  Twenty four hours after drying, 
recovery of viable cells was 39% for NZP561 and < 0.001% for the double mutant, clearly 
indicating the role of trehalose in improved desiccation tolerance (McIntyre et al., 2007). 
The overall aim of the experiments described in this chapter was to enhance trehalose 
accumulation in rhizobia by modifying growth conditions. The experiments were designed to 
determine the effect of growth medium and osmotic pressure during growth on trehalose 
accumulation and desiccation tolerance in R. leguminosarum bv. trifolii TA1 and B. japonicum 
CB1809. The effect of external protectants on desiccation tolerance of rhizobia was also 
investigated.     
3.2 Experimental overview 
The osmotic pressure of JMM was increased through the addition of sodium chloride and 
trehalose.  Cells of TA1 and CB1809 were grown to early stationary phase as McIntyre et al. 
(2007) found that trehalose concentration peaked at this point in R. leguminosarum bv. trifolii 
NZP561. The selection of sodium chloride and trehalose was based on the findings of Streeter 
(2007) who found that the combined effects of these solutes gave the maximum increase in 
trehalose accumulation and survival for USDA110 and USDA438 strains. The concentration of 
sodium chloride used to increase osmotic pressure was kept at 40 and 50 mM as Streeter (2007) 
reported that 60 mM significantly repressed growth in bradyrhizobia. These concentrations of 
sodium chloride were below the maximum tolerable concentrations of 140 mM - 350 mM 
reported for TA1 by Steinborn and Roughley (1975) and Breedveld et al. (1991). 
The growth rate of TA1 and CB1809 at different osmotic pressure was compared to that of cells 
grown in unamended JMM to observe if osmotic pressure had any effect on the rate of growth. 
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The effect of growing cells at higher osmotic pressure on trehalose accumulation was assessed 
by measuring intracellular trehalose at early stationary phase. The effect of trehalose 
accumulation on desiccation tolerance was examined by vacuum drying cells harvested at early 
stationary phase. Their capacity for desiccation tolerance after vacuum drying and in storage was 
compared to that of cells extracted from peat cultures. 
3.2.1 Growth of rhizobia 
Liquid cultures of TA1 and CB1809 were grown at different osmotic pressures through the 
addition of different concentrations of sodium chloride and trehalose to JMM (Chapter 2, 
sections 2.2 and 2.3). The osmotic pressure of the growth media ranged from 1.0 atm for JMM 
with no added extra solutes to 2.2, 2.4, 2.5 and 2.8 atm. A defined medium was selected as it 
allows for the calculation of osmotic pressure (Chapter 2, section 2.3). Preliminary work from 
this study showed that osmotic pressures below 2.2 atm did not result in increased trehalose 
accumulation compared to that of the control. It was also found that osmotic pressure above 2.8 
atm (3.0 and 3.2 atm) significantly reduced cell growth (data not shown). 
Viable cell numbers of TA1 and CB1809 were estimated over a period of 10 and 11 days 
respectively using colony plate counting as described in Chapter 2, section 2.4. 
3.2.2 Inoculation of gamma-sterilised peat  
Rhizobia were grown in JMM until cell density was approximately 10
8
 CFU/mL. The liquid 
culture (approximately 90 mL) was then injected aseptically into bags containing gamma-
sterilised peat (140 g). Peat cultures were incubated at 28°C for two weeks and then stored at 
4°C (Chapter 2, section 2.12). 
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3.2.3 Extraction of rhizobia from peat carrier 
Cells were extracted from the peat solid carrier using a Percoll density gradient and resuspended 
in water prior to drying under vacuum (Chapter 2, section 2.13).          
3.2.4 Desiccation tolerance of rhizobia 
Cells of rhizobia grown to early stationary phase in liquid media were harvested through 
centrifugation, washed and resuspended in either water, polyvinyl alcohol (PVA) 5% (w/v) or 
trehalose 34% (w/v). PVA was selected as an external protectant as it has been demonstrated in 
the past to better protect desiccated cells of rhizobia than other polymers such as methyl 
cellulose and polyvinyl pyrrolidone (Deaker et al., 2007). Survival of rhizobia in their study was 
found to be optimised at a minimum of 5% PVA in the vacuum drying system.  The trehalose 
concentration of 34% (w/v) was selected as it was shown to improve desiccation tolerance in 
rhizobia and E. coli (Manzanera et al., 2004; McIntyre et al., 2007). Cells extracted from peat 
using a density gradient were resuspended in water only. All cell suspensions were dried under 
vacuum for 2 h and viable cells estimated after drying using viable plate counting as described in 
Chapter 2, section 2.6. 
3.2.5 Storage of dried rhizobial cells 
Dried cell suspensions were stored at 9%, 58% and 98% relative humidity (RH) and viable cells 
estimated over time as described in Chapter 2, section 2.8. 
3.2.6 Extraction and measurement of intracellular trehalose 
Cells were harvested through centrifugation, washed, and resuspended in 80% (v/v) ethanol. The 
ethanol extracts were evaporated overnight and solids dissolved in water. The amount of 
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intracellular trehalose at the time of drying was measured using an enzyme-based Megazyme® 
trehalose kit following the removal of reducing sugars (Chapter 2, section 2.9). The amount of 
trehalose from each supernatant collected during the washing step was measured after the 
removal of reducing sugars as described in Chapter 2, section 2.11. 
Total cell protein was solubilized prior to quantification using the Coomassie blue dye binding 
method (Chapter 2, section 2.5). 
A recovery experiment using the addition of 10, 50, 100 and 150 µg trehalose in 80% ethanol 
was carried out following the procedure outlined in Chapter 2, section 2.10.  
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FIGURE 3.1: Experimental flow chart to examine trehalose accumulation and survival of rhizobia grown 
in a defined medium (JMM) at different osmotic pressures and moist peat. 
3.2.7 Data analysis 
Mean and standard error (SE) values were calculated from three replicate batch cultures for each 
treatment grown under the same conditions using Microsoft Office Excel 2010. Significant 
differences in cell numbers and trehalose accumulation between the treatments were determined 
by analysis of variance (ANOVA) using GenStat, (14th edition). Significant differences in 
survival were determined by ANOVA after the square root transformation of the percentage data. 
The square root transformation of the data was carried out in order to normalise the data.  
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Normality was determined using skewness and kurtosis measurements in Microsoft Excel. 
ANOVA follows the assumptions that the data is normally distributed and that variance is 
independent and homogeneous. The correlation between trehalose accumulation and the osmotic 
pressure of the growth medium was determined in GenStat and significant relationships plotted 
using Excel. The effect of growth medium and external protectant on survival, and the effect of 
growth medium and relative humidity of storage on survival were analysed by residual 
maximum likelihood (REML) using GenStat. Data were considered significant at p < 0.05 and 
the differences between mean values greater than the level standard deviation (LSD) value were 
considered significantly different.  
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3.3 Results  
 
3.3.1 Growth rate of rhizobia at different osmotic pressure 
Growth of TA1 was not generally affected by varying osmotic pressure and is shown (Fig. 3.2) 
as the number of CFU/mL (log10) at various intervals over a period of ten days. Cell numbers 
were not significantly different in any of the treatment media after one, three and ten days of 
growth (p > 0.05). However, ANOVA indicated that the viable number of TA1 grown at 2.2 and 
2.4 atm were significantly higher than that of cells grown at 1.0 (control) 2.5 and  2.8 atm after 
four days of growth.  
Viable cell numbers of CB1809 were not significantly different between the treatment media 
after two, six and 11 days of growth as illustrated by Figure 3.2. However, the number of cells 
grown at 2.5 atm were significantly higher than in any of the other treatment media after four 
days of growth (p < 0.05).  
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FIGURE 3.2: Growth curves of TA1 and CB1809 in JMM at different osmotic pressures. 
Values are the mean of three replicates ± SE. Replicates used were three batch cultures grown 
under the same conditions rather than replicates from three different experiments. 
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3.3.2 Desiccation tolerance of rhizobia grown at different osmotic pressures 
 
There were higher numbers of viable cells of TA1 grown at 2.5 atm immediately after drying 
than cells grown at other osmotic pressures. However, ANOVA of the transformed percentage 
recovery indicated that it was not significantly different to that of the control and cells grown at 
2.5 atm (Table 3.1).  
After 10 days of storage at 9% RH, a higher proportion of viable cells of TA1 grown at 2.5 atm 
were recovered compared to cells grown at the other osmotic pressures (p < 0.05). There was no 
significant difference in survival after storage at 58% RH, and when stored at 98% RH only cells 
grown at 2.5 atm had a significantly higher survival than cells grown in other conditions. The 
improved survival of TA1 grown at 2.5 atm was significantly higher during storage at 9% RH 
than at 58% RH or 98% RH, whilst the survival of cells grown in the other conditions was not 
significantly affected by RH. 
Survival of CB1809 immediately after drying was not significantly affected by growth at 
different osmotic pressures (p > 0.05). At 9% RH, cells grown at 2.4 and 2.5 atm survived 
significantly better than the control and other growth treatments after 10 days of storage (Table 
3.1). Survival was not significantly different between any of the growth treatments after 10 days 
of storage at either 58 or 98% RH. Survival of CB1809 cells grown at 2.5 atm was significantly 
improved after storage at 9% RH compared to that of cells stored at 58 and 98% RH, while 
survival of cells after the other growth treatments was significantly higher at both 9 and 58% RH 
compared to survival of cells stored at 98% RH.  
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TABLE 3.1: Survival of rhizobia grown at different osmotic pressure after vacuum drying and 
after 10 days storage at different relative humidity  
  Survival (%) 
 Media After drying 9% RH 58% RH 98% RH 
 
 
 
 
TA1 
 
1.0 atm* 
 
0.10 ± 0.02 
 
0.001 
 
0.001 
 
< 0.001 
 
2.2 atm 
 
0.05 ± 0.02 
 
0.001 
 
0.001 
 
< 0.001 
 
2.4 atm 
 
0.04 ± 0.02 
 
< 0.001 
 
0.001 
 
< 0.001 
 
2.5 atm 
 
0.11 ± 0.02 
 
0.002 
 
0.001 
 
0.001 
 
2.8 atm 
 
0.05 ± 0.01 
 
< 0.001 
 
< 0.001 
 
< 0.001 
      
 
 
 
 
 
CB1809 
 
1.0 atm* 
 
18.0 ± 1.7 
 
2.9 ± 0.7 
 
1.9 ± 0.3 
 
0.20 ± 0.04 
 
2.2 atm 
 
13.0 ± 3.0 
 
2.7 ± 0.4 
 
1.9 ± 0.3 
 
0.30 ± 0.04 
 
2.4 atm 
 
14.0 ± 4.4 
 
3.7 ± 0.3 
 
2.1 ± 0.7 
 
0.20 ± 0.02 
 
2.5 atm 
 
24.0 ± 1.1 
 
6.2 ± 1.4 
 
2.5 ± 0.4 
 
1.00 ± 0.02 
 
2.8 atm 
 
12.0 ± 0.7 
 
2.7 ± 0.1 
 
1.1 ± 0.2 
 
 0.01 
*The calculated osmotic pressure of JMM (control) was 1.0 atm. All relative humidity chambers 
were stored at 4°C. Data are mean values of three replicates ± SE 
 
 
The effect of the growth medium and relative humidity of storage on survival of rhizobia was 
analysed using REML (Table 3.2). The analysis showed that there was a significant effect in 
survival for cells of CB1809 grown at 2.5 atm and stored at a low relative humidity (9%). The 
growth medium and relative humidity did not have a significant effect on survival of TA1, 
although the largest predicted mean value was for cells grown at 2.5 atm stored at 9% RH.  
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TABLE 3.2: The effect of growth medium and relative humidity on survival of rhizobia after 
drying and 10 days storage. The data are predicted mean values (log10 CFU/mL) of viable cells 
obtained using residual maximum likelihood (REML) analysis 
  Relative Humidity 
  9% 58% 98% 
 Osmotic pressure (atm)    
TA1 1.0  3.39 3.22 2.68 
2.2  3.69 3.52 3.22 
2.4  3.30 3.14 3.05 
2.5  3.71 3.58 3.41 
2.8  3.24 3.17 2.68 
  p > 0.05 
   
CB1809 1.0 7.90b 7.72ab 6.70b 
2.2 7.85b 7.70ab 6.81b 
2.4 8.05ab 7.74ab 6.85b 
2.5 8.21a 7.83a 7.42a 
2.8 7.97b 7.57b 6.11c 
  p < 0.01; LSD = 0.23 
Values in the same column with the same letter are not significantly different 
 
3.3.3 Optimisation of trehalose recovery and removal from medium 
Linear regression analysis showed that the method of trehalose extraction and removal was 
effective. The recovery of added trehalose was 86% as demonstrated by the equation in Figure 
3.3. 
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FIGURE 3.3: Recovery of a standard solution of trehalose after extraction and the removal of 
reducing sugars. Values are the mean of three replicates ± SE 
 
In order to confirm that only endogenous trehalose from cells was measured, the supernatants 
resulting from the washing of cells were retained and assayed for trehalose following the 
removal of reducing sugars. Supernatant 1 (S1) was obtained from the centrifugation of culture 
broth, which separated rhizobial cells from the culture media. This supernatant was found to 
contain the highest amount (4.9 ± 0.2 µg/µL) of trehalose in the 2.5 atm medium with added 
trehalose (14 mM), which decreased below the limit of detection after the first wash (S2) and 
second wash (S3). Trehalose was below the limit of detection in S1, S2 and S3 obtained from 
JMM cultures with no exogenous trehalose added. Mean values ± SE were calculated from three 
replicates. 
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3.3.4 Intracellular trehalose measured prior to drying rhizobial cells grown at different osmotic 
pressures 
The amount of intracellular trehalose in TA1 cells increased as osmotic pressure increased and 
ranged from 6.2 to 75 ng/µg of protein (p < 0.05; LSD = 34). However, only trehalose content of 
cells grown at 2.5 and 2.8 atm was significantly higher than that of the control (Table 3.3). 
Intracellular trehalose in CB1809 grown under increased osmotic pressure was significantly 
higher than in the control (p < 0.05; LSD = 70). Trehalose content in cells grown in amended 
JMM ranged from 112 to 171 ng/µg of protein with increasing osmotic pressure however there 
was no significant difference between treatments (Table 3.3). 
 
TABLE 3.3: Trehalose accumulation in rhizobia grown at different osmotic pressure 
   
 Trehalose (ng/µg of protein)
#
 
Osmotic pressure 
(atm) 
 
TA1 
 
CB1809 
 
*1.0  
 
6.2 ± 3.5a 
 
 
36.0 ± 2.1a 
2.2  36.0 ± 0.3ab 
 
112.0 ± 5.0b 
2.4  32.0 ± 4.2ab 
 
162.0 ± 30.0b 
2.5  53.0 ± 3.6bc 
 
142.0 ± 13.0b 
2.8  75.0 ± 23.0c 
 
171.0 ± 37.0b 
Osmotic pressure was controlled by modifying *JMM with different concentrations of NaCl and 
trehalose. 
#
Values are the mean of three replicate treatments ± SE. Values in the same column 
with the same letter are not significantly different. 
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A correlation was found between the increasing osmotic pressure of the growth medium and the 
accumulation of intracellular trehalose (Fig. 3.4 and 3.5). Analysis of the data showed there was 
no correlation between trehalose accumulation and survival in rhizobia. 
 
FIGURE 3.4: The relationship between trehalose accumulation in TA1 cells and the osmotic 
pressure of the growth medium 
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FIGURE 3.5: The relationship between trehalose accumulation in CB1809 cells and the osmotic 
pressure of the growth medium 
3.3.5 Desiccation tolerance of rhizobia using external protectants 
As there was no relationship between survival of rhizobia and trehalose accumulation after 
suspension of cells in water prior to drying, cells were suspended in PVA and trehalose solution 
to determine if external protectants could reduce the severity of the drying conditions and 
improve survival. Only cells grown at 2.5 atm were used to study the effect of external 
protectants on desiccation tolerance as these survived significantly better in storage compared to 
cells from other treatments.  
Survival of TA1 immediately after drying was significantly higher for cells suspended in 
trehalose solution prior to drying compared to cells suspended in either 5% PVA or water (p < 
0.05). The survival of cells suspended in 5% PVA was significantly higher than that of cells 
suspended in water. Cells of TA1 grown at 2.5 atm and suspended in trehalose solution had a 
significantly higher survival than cells grown in the control medium. However, the survival of 
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cells suspended in 5% PVA or water prior to drying was not significantly different between the 
growth treatment and the control (Table 3.4). 
After vacuum drying, cells were stored at an average relative humidity of 9% as the previous 
experiment demonstrated significantly higher survival under this storage atmosphere. The 
survival of TA1 after seven and 21 days in storage was significantly higher for cells suspended in 
trehalose solution compared to 5% PVA or water prior to drying (p < 0.05). Cells grown at 2.5 
atm and suspended in trehalose solution had a significantly higher level of survival than cells 
grown in the control medium. The survival of cells grown in the treatment or control medium 
and suspended in 5% PVA and water prior to drying was not significantly different after storage.  
The survival of CB1809 cells immediately after drying and storage was significantly higher for 
cells suspended in trehalose solution compared to cells suspended in 5% PVA and water prior to 
drying (p < 0.05). Cells of CB1809 grown at 2.5 atm and suspended in trehalose solution had a 
significantly higher survival than cells grown in the control medium. Survival immediately after 
drying and after seven days in storage was not significantly different between the growth 
treatments when cells were suspended in 5% PVA or water prior to drying (Table 3.4). After 21 
days in storage, cells grown in the control medium and suspended in 5% PVA or water had a 
significantly higher percentage of survival than cells grown at 2.5 atm. 
The effect of the growth medium and external protectant on survival was analysed using REML 
(Table 3.5). Results from the analysis showed that resuspending cells in trehalose solution prior 
to drying significantly improves survival compared to cells resuspended in PVA, with the 
greatest effect being for cells of CB1809 grown at 2.5 atm. 
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TABLE 3.4: Intracellular trehalose and survival (%) of rhizobia grown at 1.0 atm  and 2.5 atm after vacuum drying using external 
protectants  
 
    Survival (%) 
   
  
Intracellular trehalose 
before drying 
(ng/µg protein) 
  
Water 
  
PVA (5% w/v) 
  
Trehalose (34% w/v) 
 1.0 atm 2.5 atm  1.0 atm 2.5 atm  1.0 atm 2.5 atm  1.0 atm 2.5 atm 
            
TA1  
2.6 ± 1.3 
 
 
64 ± 9 
After drying 0.05 ± 0.01 
 
0.03 ± 0.01  1.86 ± 0.38 1.15 ± 0.20  6.40 ± 0.42 10.0 ± 1.6 
   After 7 days 
in storage* 
< 0.01 
 
0.010 ± 0.001  < 0.01 0.03 ± 0.01  0.98 ± 0.02 8.10± 0.99 
   After 21 days 
in storage* 
< 0.01 
 
< 0.01  < 0.01 < 0.01  0.16 ± 0.01 5.8 ± 0.6 
 
 
           
CB1809  
21 ± 11 
 
144 ± 39 
After drying 
 
 
13.0 ± 2.0 
 
14.0 ± 2.1  10.0 ± 0.8 12.0 ± 2.3  30.0 ± 7.0 43.0 ± 2.3 
   After 7 days 
in storage* 
3.9 ± 1.4 
 
3.0 ± 0.6  3.0 ± 0.9 4.0 ± 1.0  13.0 ± 5.0 23.0 ± 0.6 
   After 21 days 
in storage* 
1.0 ± 0.1 
 
0.2 ± 0.1  0.9 ± 0.1 0.6 ± 0.2  8.4 ± 1.0 12.0 ± 1.6 
*Dried cells were stored at 4°C and an average relative humidity of 9%. Values are the mean of three replicates ± SE. The amount of 
intracellular trehalose before drying was significantly higher in cells of rhizobia grown at 2.5 atm compared to that of the control (p < 
0.05). 
 62 
 
TABLE 3.5: The combined effect of growth medium and external protectant on survival of 
rhizobia. The data are predicted mean values (log10 CFU/mL) of viable cells, obtained using 
residual maximum likelihood (REML) analysis 
  External protectant 
  Water PVA (5%) Trehalose (34%) 
 Media    
TA1 1.0 atm 5.12d 5.74c 7.26a 
2.5 atm 5.63c 6.20b 7.32a 
   
p < 0.05; LSD = 0.24 
   
   
CB1809 1.0 atm 7.73bc 7.70c 7.88b 
2.5 atm 7.70c 7.72bc 8.26a 
   
p < 0.05; LSD = 0.17 
Values for each strain with the same letter are not significantly different 
 
3.3.6 Desiccation tolerance of rhizobial cells extracted from peat cultures 
Rhizobial cells extracted from three-week old peat cultures and collected from a defined 
liquid medium (JMM) grown to early stationary phase were resuspended in water, dried 
under vacuum and stored at 9% RH and 4°C. 
Cells of TA1 extracted from peat had a greater survival immediately after drying and after 
seven days in storage than cells grown in liquid medium (p < 0.05). However after four 
months of storage no surviving cells from either peat culture or liquid culture were detected. 
The proportion of surviving cells from the two different environments significantly decreased 
after storage (Table 3.6). 
The survival of CB1809 cells extracted from peat culture was significantly higher 
immediately after drying and during storage than that of cells grown in liquid medium (p < 
0.05). Cells grown in culture broth and peat culture significantly decreased in numbers after 
seven days in storage. However, the decrease in survival between seven days and four months 
was significant only for cells extracted from peat cultures (Table 3.6). 
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TABLE 3.6: Proportion of viable broth- and peat-cultured rhizobia recovered (%) after 
vacuum drying and storage. 
  Survival (%) 
 
  
 
 
After drying  
 
7 days in 
storage 
 
4 months in 
storage 
 
TA1 
 
*JMM 
 
0.08 ± 0.01a 
 
0.003 ± 0.001c 
 
ND 
 
Peat cells 
 
1.8 ± 0.3b 
 
0.04 ± 0.30d 
 
ND 
  
 
   
 
CB1809 
 
*JMM 
 
6.8 ± 0.3a 
 
1.3 ± 0.2c 
 
0.50 ± 0.02c 
 
Peat cells 
 
33.0 ± 3.8b 
 
16.0 ± 1.4d 
 
11.0 ± 0.4e 
 ND = not detected. *JMM (1.0 atm) was used as liquid medium. Values are the mean of 
three replicates ± SE. Values for each strain with the same letter are not significantly different 
 
3.3 Discussion  
Increased average accumulation of intracellular trehalose for both TA1 and CB1809 was 
significantly correlated to increased osmotic pressure of the growth medium.  Trehalose 
accumulation increased by 6 – 12-fold for TA1 and 3 – 5-fold for CB1809 in comparison to 
the control. However, the increase in trehalose accumulation was not always significantly 
different to that of the control for TA1 due to variation between batch replicates. Large 
variation between replicates is an inherent limitation of physiological measurements carried 
out on batch cultures rather than continuous cultures (Hoskisson and Hobbs, 2005).  
Increasing the osmotic pressure of the growth medium through the addition of sodium 
chloride and trehalose did not reduce the growth rate of rhizobia. Mary et al. (1986) reported 
that the type of solute used to lower water activity (aw) greatly affected the growth of 
rhizobia. They found that R. meliloti and R. japonicum did not grow at a aw of 0.969 when 
sodium chloride or potassium chloride were used to reduce water activity. However, growth 
was consistently observed for both strains when glycerol or lithium chloride was used to 
lower aw to the same level. 
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Although growth of rhizobia was not significantly reduced by the growth conditions in this 
study, cell numbers were significantly higher in cultures of CB1809 grown at 2.5 atm and 
cultures of TA1 grown at 2.2 and 2.4 atm after four days of growth. Similarly, Streeter (2003) 
reported that cell numbers of B. japonicum USDA110 were significantly higher in cultures 
with trehalose added to the basal medium compared with cultures with added maltose after 
three to four days of growth. Although Streeter (2003) did not suggest mechanisms by which 
trehalose over maltose enhances cell numbers when added to the basal medium, Benaroudj et 
al. (2001) suggested that trehalose acts as a reactive oxygen species (ROS) scavenger. ROS 
are generated through normal metabolic activity which can cause oxidative stress damage 
leading to cell death. Therefore, cell numbers in a liquid medium may increase through the 
protective action of trehalose in preventing free radicals from causing oxidative damage to 
cells during growth. 
Trehalose accumulation did not improve survival significantly immediately after vacuum 
drying when cells were suspended in water or PVA prior to drying. The notoriously poor 
capacity for desiccation tolerance of TA1 is widely acknowledged. The low percentage of 
survival in this experiment was in agreement with previously reported studies. Deaker et al. 
(2007) reported a 0.02% survival after vacuum drying TA1 in a water suspension. Only when 
dried in the presence of polymers was survival of TA1 improved to 1 and 1.6% depending on 
the type of polymer.   
Resuspending cells in trehalose solution prior to vacuum drying significantly increased 
survival of rhizobia immediately after drying and after storage. In addition, cells containing a 
significantly higher amount of intracellular trehalose (2.5 atm) survived significantly better 
than the control when dried in trehalose solution. The superior survival of cells resuspended 
in trehalose solution over that of PVA may be the result of solute concentration rather than 
the nature of the external protectant. The lower concentration of PVA may not encapsulate 
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cells as efficiently as trehalose as the survival of rhizobia is affected by polymer 
concentration (R. Deaker, pers. comm.). 
The accumulation of intracellular trehalose by B. japonicum USDA110 was increased by 
supplying trehalose in the growth medium. The survival of trehalose-loaded cells was 
significantly better after 24 hours than that of non-loaded cells when cells were coated onto 
soybean seeds and air-dried (Streeter, 2003). McIntyre et al. (2007) reported that R. 
leguminosarum bv. trifolii NZP561 (wild-type) survived significantly better after drying on 
glass beads and storing at 5% and 32% RH than the otsA, treY mutant strain. The survival of 
NZP561 after 24 hours was significantly higher under the driest condition of 5% RH than at 
32 and 99% RH. Streeter (2003) and McIntyre et al. (2007) reported that the survival of 
rhizobia was significantly improved when the cells were dried in trehalose solution (1 M) 
compared to   cells dried in water or lactose solution (1 M). These previous reports and the 
results of the present study indicate that both endogenous and exogenous trehalose is required 
to improve desiccation tolerance. 
Cells of rhizobia extracted from peat cultures had a significantly higher level of survival 
immediately after drying and during storage than cells grown in JMM. Survival immediately 
after drying was not significantly different between cells grown at different osmotic 
pressures. However, cells extracted from the peat matrix and suspended in water survived 
significantly better than the control for both CB1809 and TA1 after drying. This superior 
capacity for desiccation tolerance of peat cultured cells supports the findings reported by 
Feng et al. (2002). In that study, it was reported that the percentage of surviving Rhizobium 
sp. SU343 cells extracted from peat cultures was 1.7% 24 hours after being applied to plastic 
beads. In contrast, no viable cells were recovered from beads 24 hours after inoculation with 
broth culture cells of SU343. 
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Isolation of adequate cell mass from the peat matrix for the measurement of intracellular 
trehalose could not be achieved during this present study; therefore comparison of trehalose 
content between cells from the two different environments could not be made. As a result it is 
difficult to suggest if trehalose plays a role in the superior survival of these cells.  
Leslie et al. (1995) studied the effect of drying E. coli DH5a and Bacillus thuringiensis HD-1 
cells in trehalose using Fourier transform infrared spectroscopy. Protein structure after drying 
did not change from the hydrated state when cells were dried with exogenous trehalose. As a 
result, they concluded that trehalose improves cell survival by protecting protein structure in 
the dried state and by lowering membrane phase transition temperature. 
Heat stress-induced trehalose accumulation in Saccharomyces cerevisiae was found to protect 
cellular proteins from oxidative damage by ROS. A mutant strain of S. cerevisiae, unable to 
synthesise trehalose was much more sensitive to ROS than the wild-type (Benaroudj et al., 
2001). In the same study, exogenous trehalose added to the mutant strain resulted in 
significant resistance to oxidative stress. They suggested that trehalose prevents ROS from 
reacting with proteins and other cellular components such as DNA, RNA and lipids by acting 
as a free radical scavenger.  
In conclusion, this present study shows that trehalose loading of rhizobial cells during growth 
improves their capacity to maintain viability in storage after desiccation as also reported by 
Streeter (2003) and McIntyre et al. (2007). This study found that the greatest loss of cell 
numbers takes place during the initial period of drying and that intracellular trehalose alone 
does not diminish the net cell loss of rhizobia during this period in the absence of external 
protectants. 
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The objective now will focus on enhancing cell survival during the initial process of 
dehydration, by investigating the effect of different environments, such as peat extract, on 
survival of cells and their physiological response to desiccation stress. 
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CHAPTER 4 
THE EFFECT OF AQUEOUS PEAT EXTRACT ON GROWTH AND 
DESICCATION TOLERANCE OF RHIZOBIA 
4.1 Introduction 
It is well established that survival of rhizobia is improved when peat cultures rather than agar 
or liquid cultures are applied to seed (Albareda et al., 2008; Deaker et al., 2004; Roughley 
and Vincent, 1967).  Dart et al. (1969) suggested this improved survival was due to cells 
being partially encapsulated within a protective matrix of peat particles when coated onto 
seeds.  However, cells extracted from peat cultures also survive better than liquid cultured 
cells when coated onto plastic beads. Feng et al. (2002) reported that the percentage of viable 
Rhizobium sp. SU343 cells extracted from peat cultures was 1.7% after 24 hours of being 
applied to plastic beads. In contrast, no viable cells were recovered from beads 24 hours after 
inoculation with cells of SU343 from broth cultures.  It has been suggested that adaptive 
changes observed in peat-cultured cells such as cell wall thickening and changes in protein 
expression, resulting from nutrient and oxygen limiting conditions during growth, may 
contribute to their higher rate of survival (Dart et al., 1969; Feng et al., 2002).  While 
adaptive changes have been observed in peat-cultured cells, it is not clear whether it is the 
chemical or physical environment that induces these changes.   
A more recent study by Hartley et al. (2012) reported the effect of peat inoculant maturity on 
rhizobial survival on seed. Fresh commercial white clover inoculants (less than 12 months of 
production) and 1, 2, or 7 years old peat inoculants were used to inoculate white clover seed 
at the rate of 25 mL slurry per 500 g seed and dried using a ﬂuid-bed dryer. It was found that 
rhizobial numbers on seed decline more rapidly after inoculation with fresh and 1year old 
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inoculants compared with matured (2 and 7 year old) inoculants. Although the initial number 
of rhizobia on seed from fresh and one year old inoculants was significantly greater than that 
of 2 and 7 year old inoculants, the death rate of rhizobia was lower after seeds had been 
inoculated with older peat inoculants. 
Previous studies have reported that microorganisms such as Rhizopus arrhizus, Xanthomonas 
campestris, Aureobasidium pullulans, Bacillus subtilis and Candida utilis are able to grow in 
alkaline and water extracts of peat (McLoughlin and Küster, 1972; Mulligan and Cooper, 
1985). McLoughlin and Küster (1972) reported that peat humic substances had no effect on 
oxygen consumption and biomass production in C. utilis used as a measure of biological 
activity. Mulligan and Cooper (1985) reported on the increased production of polymers and 
polysaccharides in R. arrhizus, X. campestris, A. pullulans and B. subtilis when grown in a 
water extract of peat. 
The principal aim of this chapter was to determine if growing rhizobia aerobically in an 
aqueous peat extract would have a similar effect on desiccation tolerance to that of solid-state 
fermentation in moist peat carrier.  The experiments in this chapter were designed to evaluate 
the effect of growing cells in aqueous peat extract on growth rate, trehalose accumulation and 
desiccation tolerance of TA1 and CB1809. The effect of different external protectants on 
desiccation tolerance was also investigated. 
4.2 Experimental overview 
The growth of TA1 and CB1809 in peat extract was compared to that of cells grown in JMM 
to observe if peat extract had any effect on the rate of growth. The effect of peat extract on 
desiccation tolerance was assessed immediately after drying water-suspended cells and 
subsequent dried cells stored for a period of up to 21 days. Survival during storage at an 
average relative humidity of 9% was carried out by rehydrating the dried cells and counting 
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CFU. The effect of drying cells of rhizobia in PVA (5% w/v) and trehalose (34% w/v) was 
carried out to assess the effect of using external protectants on desiccation tolerance. The 
amount of accumulated intracellular trehalose was measured before drying in order to assess 
what effect it would have on desiccation tolerance. 
4.2.1 Growth rate of rhizobia 
Cultures of TA1 and CB1809 were grown in JMM and peat extract as described in Chapter 2, 
section 2.2. Viable cell numbers were estimated by CFU counting as described in Chapter 2, 
section 2.4. Growth rate curves were constructed by plotting the mean number of viable cells 
of both strains grown in JMM and peat extract over a period of 7 days for TA1 and 11 days 
for CB1809. 
4.2.2 Desiccation tolerance of rhizobia in the presence of external protectants 
Cells of TA1 and CB1809 grown in JMM and peat extract were harvested at early stationary 
phase, as described in Chapter 2, section 2.6. Their capacity for desiccation tolerance in the 
presence of external protectants (PVA and trehalose) was tested as described in Chapter 2, 
section 2.7. 
4.2.3 Desiccation tolerance of rhizobia grown in different concentrations of peat extract 
Peat extract and diluted extracts of peat (25% w/v and 12.5% w/v) were prepared as 
described in Chapter 2, section 2.14. Fractionation of the peat extract was carried out as 
described in Chapter 2, section 2.15 to obtain large (< 1000 kDa), medium (< 50 kDa) and 
small (< 3 kDa) colloidal fractions. All cultures of TA1 and CB1809 were grown as 
described in Chapter 2, section 2.2 and cells grown in JMM were used as the control. 
TA1 was grown in colloidal fractions of peat extract peat extract in order to identify the effect 
of different sized colloids on the growth and desiccation tolerance of TA1. CB1809 was 
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grown in diluted peat extract rather than fractionated peat extract as no improvement was 
observed with colloidal fractions and preliminary work indicated that dilute concentrations of 
crude peat extract may improve this strain’s capacity for desiccation tolerance. Cells of TA1 
and CB1809 were harvested at early stationary phase (4 and 6 d respectively) from the 
different peat extract preparations and their capacity for desiccation tolerance tested as 
described in Chapter 2, section 2.6. 
4.2.4 Extraction and measurement of intracellular trehalose 
Trehalose was measured prior to the drying of cells in order to quantify the amount present at 
the time of drying. The intracellular trehalose in TA1 and CB1809 was extracted and 
measured at early stationary phase of growth in different media as described in Chapter 2, 
section 2.9. The total cell protein was quantified according to the Bradford method as 
described in Chapter 2, section 2.5. 
4.2.5 Storage of dried rhizobial cells 
Glass ampoules containing dried cells of rhizobia were stored at an average relative humidity 
of 9% as described in Chapter 2, section 2.8. Viable counts of the dried cells after 7 and 21 
days in storage was carried out by serial dilution and plating on YMA as described in Chapter 
2, section 2.6. 
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FIGURE 4.1: Experimental flow chart of the procedures used to determine the effect of peat 
extract on desiccation tolerance, trehalose accumulation and survival 
 
4.2.6 Data analysis 
Mean and standard error (SE) values were calculated from three replicate batch cultures for 
each treatment grown under the same conditions using Microsoft Office Excel 2010. 
Significant differences in cell numbers and trehalose accumulation between the treatments 
were determined by ANOVA using GenStat, (14th edition). Significant differences in 
survival were determined by ANOVA after the square root transformation of the percent 
survival. The square root transformation of the data was carried out in order to normalise the 
data.  Normality was determined using skewness and kurtosis measurements in Microsoft 
Excel. ANOVA follows the assumptions that the data is normally distributed and that 
variance is independent and homogeneous. The effect of growth medium and external 
protectant on survival was analysed by REML using GenStat. Data were considered 
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significant at p < 0.05 and the differences between mean values greater than the LSD value 
were considered significantly different.  
4.3 Results 
4.3.1 Growth of rhizobia in JMM and peat extract 
The cell numbers of TA1 in JMM and peat extract at the start of the growth period were 3.70 
± 0.02 and 3.70 ± 0.03 CFU/mL (log10) respectively (Fig. 4.2). Cell numbers generally were 
not different between the control and treatment during growth. However, cell numbers were 
significantly higher after three and four days for cells grown in JMM compared to that of 
cells grown in peat extract (p < 0.05).  
Initial cell numbers of CB1809 in both JMM and peat extract were 3.80 ± 0.01 and 3.80 ± 
0.01 CFU/mL (log10) respectively. After 11 days of growth, viable cell numbers in JMM 
were 9.20 ± 0.01 CFU/mL (log10) (Fig. 4.2). Viable cell numbers in the peat extract were 8.80 
± 0.02 CFU/mL (log10) after 11 days of growth. Initial cell numbers were not significantly 
different in JMM and peat extract. However, viable cell numbers were significantly higher 
for cells grown in JMM medium at all the time points thereafter (p < 0.05). 
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FIGURE 4.2: Growth curves for TA1 and CB1809 in JMM (control) and peat extract. Each 
data point is the average of three replicates ± SE. Error bars appear absent where the SE value 
was smaller than the data point. Replicates used were three batch cultures grown under the 
same conditions rather than replicates from three different experiments. 
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4.3.2 Desiccation tolerance of rhizobia using external protectants 
The cell numbers of JMM-grown TA1 after suspending in water, PVA and trehalose 
suspensions prior to drying were 8.8 CFU/mL (log10) for all cell-protectant suspensions. The 
number of TA1 peat extract-grown cells suspended in water, PVA and trehalose were 8.8, 8.7 
and 8.6 CFU/mL (log10) respectively. As the initial cell numbers were significantly different 
between the cell suspensions (p < 0.05), an ANOVA was carried out on the square root 
transformation of the percent survival to compare the effect of the growth media on 
desiccation tolerance as well as the effect of drying cells in water, PVA and trehalose. This 
indicated that cells grown in peat extract and then subsequently suspended in water, PVA and 
trehalose survived significantly better than cells grown in JMM suspended in the same 
external protectants after vacuum drying (p < 0.05). Cells of TA1 grown in both JMM and 
peat extract had a significantly greater survival after vacuum drying when suspended in 
trehalose solution compared to cells suspended in PVA or water. The survival of cells grown 
in peat extract and suspended in PVA was significantly improved after drying and after seven 
days of storage when compared with cells suspended in water (Table 4.1). Similarly, cells 
grown in JMM had a significantly higher survival when suspended in PVA compared to cells 
suspended in water.  Cells were not recovered after 21 days of storage in all treatments except 
when cells had been grown in peat extract and suspended in trehalose.  
The number of CB1809 cells grown in JMM then suspended in water, PVA and trehalose 
solutions was 8.8, 8.8 and 8.5 CFU/mL (log10) respectively, and the initial cell number for 
cells grown in peat extract in water, PVA and trehalose was 8.7, 8.7 and 8.5 CFU/mL (log10) 
respectively. Although the initial numbers are very similar an ANOVA indicated that they 
were significantly different (p < 0.05).  An ANOVA was carried out on the square root 
transformation of the percentage data indicated that the rate of survival for cell suspensions in 
water and PVA of cells grown in peat extract and JMM was not significantly different after 
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vacuum drying and during storage (p > 0.05). Cells of CB1809 grown in peat extract and 
suspended in trehalose solution survived better after drying when compared to cells grown in 
JMM (p = 0.05). However, the survival of cells suspended in trehalose solution was not 
significantly different between the JMM and peat extract treatments when dried and after 
seven and 21 days in storage. The survival of cells grown in peat extract and suspended in 
water, PVA and trehalose was not significantly different after drying and during storage 
(Table 4.1). However, the survival of cells grown in JMM and suspended in trehalose was 
significantly greater than cells suspended in water and PVA after drying and storage (p < 
0.05). 
The combined effect of the growth medium and external protectant on survival was analysed 
using REML (Table 4.2). Results from the analysis showed that there was a significant effect 
on survival of TA1 grown in peat extract when resuspended in external protectant prior to 
drying. The analysis also showed that the combination of growth medium and external 
protectant had no effect on the survival of CB1809. 
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TABLE 4.1: The effect of growth media and cell suspension solution on percentage survival (%) of rhizobia after vacuum drying and storage of 
dried cells 
 
  Survival (%) 
 
  Water  PVA (5% w/v)  Trehalose (34% w/v) 
  JMM Peat  JMM Peat  JMM Peat 
          
 
 
TA1 
Immediately after 
drying 
0.05 ± 0.01 
 
0.87 ± 0.09  1.6 ± 0.2 2.90 ± 0.21  5.2 ± 0.2 12.0 ± 0.3 
After 7 days in 
storage* 
< 0.01 
 
0.010 ± 0.001  0.050±0.005 0.16 ± 0.01  0.99 ± 0.13 2.10 ± 0.08 
After 21 days in 
storage* 
< 0.01 
 
< 0.01  < 0.01 < 0.01  < 0.01 0.020± 0.001 
          
 
 
CB1809 
Immediately after  
drying 
16.0 ± 2.9 
 
30 ± 11  20.0 ± 4.4 25 ± 12  41.0 ± 1.1 52.0 ± 1.6 
After 7 days in 
storage* 
6.2 ± 1.0 
 
13.0 ± 4.0  8.6 ± 0.9 11.1 ± 2.5  17.0 ± 1.9 23.0 ± 5.1 
After 21 days in 
storage* 
2.6 ± 0.4 
 
5.7 ± 2.6  4.1 ± 0.2 6.1 ± 1.9  9.9 ± 1.2 15.0 ± 4.1 
*Dried cells were stored at 9% RH and 4°C. Values are the mean percent survival (%) of three replicates ± SE
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TABLE 4.2: The combined effect of growth medium and external protectant on survival of 
rhizobia immediately after drying. The data are predicted mean values (log10 CFU/mL) of 
viable cells, obtained using residual maximum likelihood (REML) analysis 
  External protectant 
  Water PVA (5%) Trehalose (34%) 
     
TA1 JMM 6.16c 6.66b 4.98d 
Peat extract 6.55b 6.97a 6.15c 
  p < 0.001; LSD = 0.12 
   
   
CB1809 JMM 8.02 7.98 7.92 
Peat extract 7.92 8.01 7.97 
  p > 0.05; LSD = 0.16 
Values for TA1 with the same letter are not significantly different 
 
4.3.3 Intracellular trehalose measured prior to drying using external protectants 
Intracellular trehalose in TA1 and CB1809 was higher in cells grown in peat extract 
compared to that of cells grown in JMM (Table 4.3). Although the amount of trehalose was 
11 times higher in peat extract-grown TA1, the difference was not significantly different 
between cells grown in JMM and peat extract. However, the amount of intracellular trehalose 
was significantly higher in cells of CB1809 grown in peat extract compared to those in JMM 
(p < 0.05). The amount of accumulated intracellular trehalose was also greater in CB1809 
cells compared to that in TA1 cells for both growth treatments.  
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TABLE 4.3: Intracellular trehalose content of TA1 and CB1809 cells grown in JMM and 
peat extract  
 Trehalose (ng/µg protein) 
 
TA1 (JMM) 
 
1.92 ± 0.27 
 
TA1 (peat extract) 
 
21.8 ± 7.5 
   
 
CB1809 (JMM) 
 
32.3 ± 14.1 
 
CB1809 (peat extract) 
 
166.0 ± 40.1 
Values are the mean of three replicate treatments and extractions ± standard error. Trehalose 
values are not significantly different for cells of TA1 (p > 0.05) and significantly higher for 
cells of CB1809 grown in peat extract (p < 0.05; LSD = 118). 
 
 
4.3.4 Desiccation tolerance of TA1 grown in different peat extract fractions  
The initial number of TA1 cells prior to drying was 8.7 for the control, 8.5 for the peat extract 
and 8.9, 8.8, and 8.7 CFU/mL (log10) for the large, medium and small colloidal fractions. The 
number of viable cells after two hours of vacuum drying (Table 4.3) was 5.3 for the control, 
6.4 for the crude peat extract and 5.8, 4.8 and 4.6 CFU/mL (log10) for                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
the large, medium and small colloidal fractions respectively. The mean values for the viable 
cells after drying were significantly different between the growth treatments (p < 0.05; LSD = 
0.42). ANOVA of the square root transformation of the percent survival indicated that there 
was a significant difference in percent survival after drying (p < 0.05; LSD = 0.06). Cells 
grown in peat extract had the highest percentage of survival (0.73%) which was significantly 
higher than that of the control (0.04%), large (< 100 kDa) (0.08%), medium (< 50 kDa) 
(0.01%) and small (< 3 kDa) (0.01%) colloidal fractions (Fig. 4.5). Survival percentage of 
  
80 
 
TA1 after seven and 21 days in storage was significantly higher for cells grown in peat 
extract. 
Although growth of TA1 in peat extract was lower than in the control and fractionated peat 
extract, the percent survival after desiccation and rehydration was significantly higher.   
Survival of TA1 grown in peat extract and the large molecular weight fraction (< 1000 kDa) 
was significantly higher than that of cells grown in the medium and small molecular weight 
fractions of the peat extract. Survival of cells grown in the peat extract was 18-fold greater 
than the control and cells grown in the large molecular weight fraction (< 1000 kDa) survived 
2-fold greater than the control.   
 
 
TABLE 4.3: Viable cell numbers of TA1 after growth in different fractions of peat extract 
and after vacuum drying 
 
 
 Peat colloidal fractions 
 Control Peat extract < 1000 kDa < 50 kDa < 3 kDa 
Initial count 8.70 ± 0.03 8.50 ± 0.07 8.90 ± 0.03 8.80 ± 0.07 8.70 ± 0.01 
2 hours 5.30 ± 0.09 6.40 ± 0.06 5.80 ± 0.03 4.80 ± 0.23 4.60 ± 0.15 
7 days 2.1 ± 1.1 4.50 ± 0.06 3.20 ± 0.23 3.70 ± 0.20 3.70 ± 0.20 
21 days 1.9 ± 0.9 4.20 ± 0.07 2.90 ± 0.06 3.30 ± 0.20 3.10 ± 0.2 
Values are mean CFU/mL (log10) of three treatment replicates ± SE 
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FIGURE 4.5: Survival of TA1 grown in JMM (control), peat extract and its smaller colloidal 
fractions. Data points are means of three batch replicate treatments ± SE of the percent 
survival immediately after vacuum drying (2h) and during storage (7 & 21 d) 
 
 
4.3.5 Desiccation tolerance of CB1809 grown in diluted peat extract  
The number of CB1809 cells grown to early stationary phase in peat extract and diluted 
extracts (25% and 12.5%) was 8.4, 8.3 and 8.3 CFU/mL (log10) respectively prior to drying 
(Table 4.4). These cell numbers were significantly lower than those of CB1809 grown in 
JMM (9.4) (p < 0.05; LSD = 0.1). A comparison of net cell loss was conducted using 
ANOVA of the square root transformed values of percent survival after vacuum drying and 
during storage. Although the percent survival for cells grown in peat extract (41%) was 
higher than that of the control (24%) immediately after drying, it was not statistically 
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significant (p > 0.05). Cells grown in 25% and 12.5% (w/v) peat extract had a percent 
survival of 18 and 10% respectively immediately after drying (Fig 4.6). However, the 
survival percentage after seven and 21 days of storage of cells grown in peat extract was 
significantly higher (10% and 5.4% respectively) than the JMM control (3.2% and 1.8% 
respectively). 
As with TA1, growth of CB1809 in undiluted and diluted peat extracts was lower when 
compared to the control, however, desiccation tolerance of CB1809 was improved after 
growth in crude peat extract. Survival of CB1809 was poorer in diluted extracts and there was 
a strong linear relationship between peat extract concentration and survival rate. 
 
 
TABLE 4.4: Viable cell numbers of CB1809 after growth in different concentrations of peat 
extract and after vacuum drying 
 
 
 Peat extract concentration (w/v) 
 Control Peat extract 25% 12.5% 
Initial count 9.10 ± 0.02 8.40 ± 0.04 8.30 ± 0.03 8.30 ± 0.02 
2 hours 8.40 ± 0.23 8.00 ± 0.06 7.60 ± 0.12 7.30 ± 0.10 
7 days 7.50 ± 0.21 7.40 ± 0.10 7.20 ± 0.09 6.70 ± 0.16 
21 days 7.30 ± 0.05 7.10 ± 0.05 6.60 ± 0.18 6.20 ± 0.08 
Values are mean CFU/mL (log10) of three treatment replicates ± SE 
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FIGURE 4.6:  Survival of CB1809 grown in JMM (control) and different peat extract 
concentrations. Data points are means of three batch replicate treatments ± SE of the percent 
survival immediately after vacuum drying (2h) and during storage (7 & 21 d)  
 
4.3.6 Intracellular trehalose of cells grown in different fractions and concentrations of peat 
extract 
The amount of trehalose in TA1 at early stationary phase of growth was similar in cells 
grown in peat extract and fractionated peat extract which was higher than in cells grown in 
JMM (Table 4.5). However, ANOVA of the data demonstrated the difference was not 
statistically significant (p > 0.05). 
Intracellular trehalose in CB1809 at early stationary phase of growth was also similar for 
cells grown in undiluted and diluted peat extract (Table 4.6) and was higher than in cells 
grown in JMM. Again this result was not statistically significant (p > 0.05). Nevertheless, 
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there was a consistent general increase in accumulation of intracellular trehalose in both 
strains when cells were grown in aqueous peat extract. 
TABLE 4.5: Intracellular trehalose content of TA1 grown in different colloidal size fractions 
of peat extract. Cells grown in JMM were used as the control 
              Peat colloidal fractions 
 
 
 
Control 
 
Peat extract 
 
< 1000 kDa 
 
< 50 kDa 
 
< 3 kDa 
Trehalose 
(ng/µg protein) 
 
3.2 ± 0.5 
 
16.3 ± 2.6 
 
19.7 ± 2.2 
 
 
24.8 ± 10.9 
 
15.0 ± 3.2 
Values are the mean of three replicate treatments and extractions ± SE. Trehalose values are 
not significantly different (p > 0.05) 
 
 
TABLE 4.6: Intracellular trehalose content of CB1809 grown in different concentrations of 
peat extract. Cells grown in JMM were used as the control 
  Peat extract concentration (w/v) 
 
 
 
Control 
 
50% 
 
25% 
 
12.5% 
Trehalose 
(ng/µg protein) 
 
18.1 ± 6.3 
 
 
150 ± 42 
 
 
233 ± 69 
 
 
362 ± 126 
Values are the mean of three replicate treatments and extractions ± SE. Trehalose values are 
not significantly different (p > 0.05) 
 
4.4 Discussion 
The results of this study demonstrate that desiccation tolerance of rhizobia can be enhanced 
after growth in peat extract and this may be due to physiological changes during growth such 
as the increased accumulation of intracellular trehalose.  However, growth responses and 
trehalose accumulation in different peat extracts and the relationship to subsequent survival 
varied between TA1 and CB1809.     
Growth of TA1 in peat extract, although significantly reduced compared to the control, was 
not as affected as that of CB1809.  Viable numbers of TA1 were only 1.5 to 1.6 times lower 
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than the control after four days of growth in crude peat extract compared with a 7 to 10-fold 
decrease in numbers of CB1809 after six days of growth.  
Peat is formed from the organic decomposition of vegetation; therefore its composition varies 
according to climate and plant species found at its geographical source. Humic substances 
found in peat include plant phenolics and tannins (Freeman et al., 2004; Yeloff and Mauquoy, 
2006). Previous studies have reported on the growth rate reduction of E. coli in the presence 
of sub-lethal concentrations of phenolic compounds (Heipieper et al., 1991). Henis et al. 
(1964) described the growth inhibitory effects of plant-derived tannins, particularly on 
Cellvibrio fulvus, and concluded that inhibitory effects varied according to concentration and 
bacterial species. They suggested that the cell envelope was the site of action for tannins 
which may form complexes with its components altering their function.  
Growth rates of TA1 were restored to levels the same as, and even above the control, when 
constituents of molecular weight greater than 1000 kDa were removed from the peat extract 
by fractionation.  However, poor growth rates were not reversed in CB1809 when the peat 
extract was diluted.  This indicates that the reduction in growth rate at least for TA1 may 
have been due to the presence of molecules in peat extract greater than 1000 kDa. 
The percentage survival of TA1 and CB1809 after vacuum drying and during storage varied 
according to both the growth medium and the solution in which they were dried. Trehalose 
was found to significantly improve survival in both strains compared to the same cells 
suspended in water. This finding was consistent with results reported in chapter 3 of this 
thesis and previous reports that described significant improvement in desiccation tolerance 
when trehalose was present inside and outside of cells (Manzanera et al., 2004; McIntyre et 
al., 2007).   
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There was a much greater and significant improvement in survival of TA1 over the control 
when compared with CB1809 but this may be because CB1809 is an inherently more tolerant 
strain and survival may already be at an optimum.  Previous studies have shown that slow-
growing rhizobia such as bradyrhizobia are less susceptible to desiccation stress than the fast-
growing strains of rhizobia such as R. leguminosarum sp.(Bushby and Marshall, 1977b; 
Deaker et al., 2007). 
The relationship between survival of TA1 and the different peat extract fractions indicated 
that high molecular weight molecules in the peat extract contributed to improved survival. 
Survival declined significantly when molecules above 1000 kDa were removed, although 
survival was greater in the large colloidal fraction when compared to medium and smaller 
fractions.  The relationship between survival of CB1809 and peat extract concentration 
indicates that survival is reduced when extracted peat colloids are diluted. This suggests that 
the protective nature of peat colloids is concentration dependent. Improved survival may also 
be related to a higher osmotic pressure in the concentrated extract, since survival decreased 
after dilution or removal of large molecular fractions.  This has been suggested previously in 
studies where growth rate of rhizobia was restricted in low water activity medium and 
enhanced desiccation tolerance was attributed to adaptation to osmotic and other stresses 
during growth (Lloret et al., 1995; Vriezen et al., 2007). 
Rhizobia synthesise endogenous trehalose when grown in a hyperosmotic environment to 
compensate for the difference in osmotic pressure across the cytoplasmic membrane 
(Streeter, 1985; Breedveld et al., 1993). There were no statistically significant differences in 
the trehalose content in this study, however the trehalose content was higher in TA1 cells 
grown in the peat extract compared to the control and was unaffected by fractionation of the 
peat extract.  Similarly, more trehalose was synthesised in CB1809 cells grown in peat extract 
than in the control medium and there was no effect of diluting the peat extracts on trehalose 
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content.  This lack of significance was the result of large variation between replicates typical 
of physiological measurements on batch cultures rather than continuous cultures (Hoskisson 
and Hobss, 2005). However, the general and consistent increase in intracellular trehalose 
accompanied with improved desiccation tolerance is consistent with the findings of Streeter 
(2003) and McIntyre et al. (2007).  
 While desiccation tolerance was improved in cells that had accumulated higher levels of 
trehalose after growth in peat extract when compared with JMM, there was no relationship 
between trehalose accumulation and survival of cells grown in fractionated or diluted peat 
extracts. This indicates that trehalose synthesis alone does not explain all the variation in 
survival.  Although TA1 accumulated comparable amounts of endogenous trehalose after 
growth in high, medium and small molecular weight peat fractions, the survival of TA1 
grown in these solutions was significantly lower than that of cells grown in the unfractionated 
extract. Similar results were observed for CB1809 cells where greater amounts of 
endogenous trehalose did not significantly improve survival. The higher amount of 
intracellular trehalose in CB1809 compared to TA1 is consistent with previously published 
data of B. japonicum USDA110 and R. leguminosarum bv. trifolii NZ561 (Streeter, 2003; 
McIntyre et al., 2007).   
While it could be argued that the better overall survival of CB1809 compared with TA1 is 
related to its ability to accumulate more trehalose, there are clearly other physiological factors 
affecting survival. Cytryn et al. (2007) concluded that endogenous trehalose in B. japonicum 
USDA 110, together with the expression of membrane protective proteins, DNA repair 
proteins and oxidative stress responses were necessary for desiccation tolerance. This 
suggests that although intracellular trehalose plays a role in improving desiccation tolerance, 
additional protective mechanisms are required to increase survival. 
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CHAPTER 5 
THE EFFECTS OF DIFFERENT GROWTH MEDIA ON RHIZOBIAL 
MEMBRANE INTEGRITY AND METABOLIC ACTIVITY 
 
5.1 Introduction 
As reported in Chapter 4, the growth of rhizobia in peat extract was reduced compared to that 
of the control. However, its capacity for desiccation tolerance was improved after growth in 
the peat extract. Bushby and Marshall, (1977a) reported that leakage of cellular materials 
after desiccation and rehydration of rhizobia was due to changes in membrane permeability. 
The maintenance of membrane function is therefore believed to be of prime importance in 
desiccation tolerance.  
Cell viability assays are based on either physical properties such as membrane integrity or 
biochemical properties of cells such as metabolic activity. The measurement of intracellular 
turnover of nicotinamide adenine dinucleotide (NAD+) and its reduced form (NADH) is 
often used to indicate metabolic activity and therefore cellular viability. Resazurin is a water 
soluble non-fluorescent compound widely used to measure metabolic activity and to 
enumerate plant, mammalian and microbial cells (O’Brien et al., 2000; Byth et al., 2001; 
Vidal-Aroca et al., 2009). As bacterial cells grow, they convert resazurin, commercially 
available as alamarBlue® from its non-fluorescent oxidised state to its fluorescent reduced 
state (resorufin). Fluorescence can be used as a measure of cell proliferation and metabolic 
state as an increase in fluorescence is strongly correlated to the increase in cell numbers and 
the REDOX state of cells (Shiloh et al., 1997). Resazurin has been demonstrated to be a 
substrate of efflux-pumps in E. coli and P. aeruginosa as its reduction is significantly 
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diminished when cells are incubated in the presence of the efflux-pump inhibitor mefloquine 
(Vidal-Aroca et al., 2009). 
Fluorescent stains, commonly used in dye exclusion-based assays, enable the differentiation 
between viable, damaged, and dead cells in a sample. The LIVE/DEAD
®
 BacLight™ 
Bacterial Viability Kit contains the nucleic acid stains SYTO9 and propidium iodide (PI). 
Syto9 is a small green fluorochrome that can penetrate intact membranes while PI is a larger 
red fluorochrome that penetrates compromised membranes. Therefore, cells incubated in a 
mixture of both stains will fluoresce either green or red depending on membrane integrity and 
its ability to exclude propidium iodide (Alonso et al., 2002).  
On entering the cell, PI binds to nucleic acids and its fluorescence is enhanced and thus cells 
with damaged membranes fluoresce red while those with intact membranes will only 
fluoresce green. Therefore, a higher green to red fluorescence ratio (G/RRatio) would indicate 
that a greater number of cells within a particular sample have intact membranes and a lower 
G/RRatio would suggest that a greater number of cells have compromised or damaged 
membranes. 
 A previous study by Higgins et al. (2004) reported on the use of LIVE/DEAD
®
 BacLight™ 
Bacterial Viability Kit to measure perturbation of plasma membrane integrity in methicillin-
resistant Staphylococcus aureus due to telavancin exposure. Telavancin disrupts bacterial 
membranes by inhibiting late stage peptidoglycan biosynthesis. The observed loss of 
membrane integrity was strongly correlated with a reduction in cell viability of S. aureus. 
Kramer et al. (2009) reported on the use of dye exclusion-based assays to enumerate viable 
cells of Lactobacillus acidophilus and Bifidobacterium animalis spp. lactis from a lyophilised 
product through flow cytometry.  They found that during three months in storage most of the 
bacterial cells retained membrane integrity although they had lost culturability.  
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In this chapter, the effect of growing Rhizobium leguminosarum bv. trifolii TA1 and 
Bradyrhizobium japonicum CB1809 in JMM (1.0 atm), JMM (2.5 atm) and peat extract on 
membrane integrity and metabolic activity is examined. Membrane integrity is assessed using 
LIVE/DEAD
®
 BacLight™ Bacterial Viability Kit and metabolic activity measured using 
alamarBlue® reagent.  
The aim of carrying out membrane integrity and metabolic activity assays on rhizobial cells 
was to observe if the peat extract promoted physiological changes during growth that could 
be linked to the observed improvement in desiccation tolerance described in Chapter 4. 
5.2 Experimental overview 
5.2.1 Growth of rhizobia 
Cells of TA1 and CB1809 were grown in JMM (1.0 atm), JMM (2.5 atm) and peat extract to 
early stationary phase, as described in Chapter 2, section 2.2. 
5.2.2 Membrane integrity assay (fluorescence spectroscopy) 
Membrane integrity of TA1 and CB1809 cells grown in different media was assayed using a 
LIVE/DEAD
®
 BacLight™ Bacterial Viability Kit (L7012). Calibration of nucleic acid stains 
and staining of cells was carried out as described in Chapter 2, sections 2.16 and 2.17. 
5.2.3 Metabolic activity assay using alamarBlue
®
  
Cells of TA1 and CB1809 were diluted, dispensed and mixed with alamarBlue
®
 reagent in a 
microtiter plate. A microplate reader was used to incubate cells for 4 h whilst recording 
fluorescence readings at regular intervals as described in Chapter 2, section 2.18. Growth 
media (100 µL) without any cells mixed with alamarBlue® (10 µL) was used as a negative 
control for the assay. 
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FIGURE 5.1: Flow chart of membrane integrity and metabolic activity assays of rhizobia 
 
5.2.4 Data analysis 
Mean and standard error (SE) values were calculated from three replicate batch cultures for 
each treatment grown under the same conditions. Correlation coefficient (R
2
) values were 
calculated using Microsoft Office Excel 2010. 
Significant differences between the treatments were determined by ANOVA using GenStat, 
(14th edition). Data were considered significant at p < 0.05 and the differences between mean 
values greater than the LSD value were considered significantly different.  
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5.3 Results  
5.3.1 Calibration of nucleic acid stains 
The optimum dye ratio for the membrane integrity assays was determined by plotting the 
green and red fluorescence readings against the live cells (%) to observe the linear 
relationship of a 1:1 dye ratio. A linear relationship (R
2
 = 1.0) was found for suspension 
mixtures of live and dead (ethanol killed) cells of TA1 and CB1809 using a 1:1 dye ratio 
(Fig. 5.2). As a result, a 1:1 dye ratio was subsequently used to stain cells of rhizobia grown 
in different media. 
Plotting the green to red fluorescence ratio (G/RRatio) and the live cells (%) of TA1 and 
CB1809 (Fig. 5.3) showed a strong correlation between the increase in G/RRatio with 
increasing percentage of live cells.  
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FIGURE 5.2: Optimization of nucleic acid stains SYTO 9 (solid green line) and propidium 
iodide (dashed red line) for TA1 and CB1809. Values are the mean of three replicate 
suspensions containing different ratios of ethanol-killed cells ± SE 
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FIGURE 5.3: Analysis of relative viability of TA1 and CB1809 cell suspensions grown in 
JMM. The ratio between green and red fluorescence (G/RRatio) was calculated for each 
suspension of ethanol-killed cells. Each data point of the linear regression analysis represents 
the mean values of three replicates ± SE 
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5.3.2 Membrane integrity assay 
The average number of TA1 cells stained with the LIVE/DEAD
®
 BacLight™ Bacterial 
Viability Kit ranged from  1.4 × 10
0
 to
 
1.4 × 10
5 
 CFU for cells grown in JMM (1.0 atm), 1.3 
× 10
0
 to 1.3 × 10
5 
CFU for cells grown in JMM (2.5 atm) and 
 
1.3 × 10
0 
to 1.3 × 10
5 
CFU for 
cells grown in peat extract (Fig. 5.4). Analysis of variance showed that there was no 
significant difference in the number of cells stained between all growth media treatments (p > 
0.05). This meant that a direct comparison of the mean G/RRatio between the growth media 
treatments could be made and the effect of the growth medium on membrane integrity 
assessed (Table 5.1). As the average G/RRatio of the negative control was 0.53 and found to be 
significantly lower than that of 10
5
 cells of TA1, ANOVA was carried out on the G/RRatio of 
10
5
 cells of TA1. 
The average G/RRatio was 1.5, 1.0 and 0.9 for 10
5
cells grown in JMM (1.0 atm), JMM (2.5 
atm) and peat extract respectively and analysis of the data showed that the ratio of cells 
grown in JMM was significantly higher than that of cells grown in the treatment media (p < 
0.05, LSD = 0.2). No significant difference in the G/RRatio was found between cells grown in 
JMM (2.5 atm) and peat extract.  
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FIGURE 5.4: Analysis of green/red fluorescence ratio (G/RRatio) for cells of TA1 grown in 
(a) JMM (1.0 atm), (b) JMM (2.5 atm) and (c) peat extract. Values are the mean of three 
replicates ± SE. The dashed line represents the average G/RRatio (0.53) of the negative control 
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The average number of CB1809 cells stained ranged from 2.6 × 10
2 
to 2.6 × 10
7 
CFU for cells 
grown in JMM (1.0 atm), 3 × 10
2 
to 3 × 10
7 
CFU for cells grown in JMM (2.5 atm) and 3.1 × 
10
2 
to 3.1 × 10
7  
CFU for cells grown in peat extract (Fig. 5.5). Analysis of variance indicated 
that there was no significant difference in the number of cells stained between the growth 
media treatments (p > 0.05). Therefore a direct comparison of the mean G/RRatio could be 
made between the growth treatments (Table 5.1). As the average G/RRatio of the negative 
control was 0.45 and found to be significantly lower than that of 10
7
 cells of CB1809, the 
average G/RRatio of 10
7 
cells of CB1809 was compared. The average G/RRatio was 2.7, 3.1 and 
0.9 for 10
7 
cells grown in JMM, 2.5 atm and peat extract respectively. Analysis of variance of 
the G/RRatio showed that the ratio of cells grown at 2.5 atm was significantly higher than that 
of cells grown in the control and peat extract (p < 0.05; LSD = 0.2).  
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FIGURE 5.5: Analysis of green/red fluorescence ratio (G/RRatio) for cells of CB1809 grown 
in (a) JMM (1.0 atm), (b) JMM (2.5 atm) and (c) peat extract. Values are the mean of three 
replicates ± SE. The dashed line represents the average G/RRatio (0.45) for four “no-cell” wells 
(negative control) 
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TABLE 5.1: Mean G/RRatio of 10
5
 cells of TA1 and 10
7 
cells of CB1809 grown in JMM 
(control), 2.5 atm and peat extract 
 Growth media 
  
JMM 
 
2.5 atm 
 
Peat extract 
    
TA1  1.50 ± 0.07a 1.00 ± 0.06b 0.90 ± 0.05b 
    
CB1809  2.70 ± 0.03b 3.10 ± 0.04a 0.9 ± 0.1c 
    
Mean values are the average of three replicate growth treatments ± SE. Mean values in the 
same row with the same letter are not significantly different (p > 0.05) 
 
 
 
5.3.3 Metabolic activity assay using alamarBlue®  
The initial number of viable cells of TA1 grown in JMM (1.0 atm), JMM (2.5 atm) and peat 
extract per well were not significantly different (p < 0.05), allowing for direct comparison of 
fluorescence readings between the growth treatments and the control. Fluorescence readings 
taken every 30 min during the four hour incubation period were plotted against time for 10
7
 
cells of TA1 as it was significantly higher than the negative control (Fig. 5.7). This figure 
shows that fluorescence increases initially in a linear fashion for cells in JMM media and 
begins to plateau by four hours of incubation time. Fluorescence for cells of TA1 in peat 
extract however, continued to increase linearly to the end of the four hour period of 
incubation. 
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FIGURE 5.7: Fluorescence intensity of TA1 grown in different media over an incubation 
period of 4 h. The negative control represents the average fluorescence readings of 
alamarBlue® in wells containing “no cells”. Each data point is the means of three replicates ± 
SE 
 
The linearity of alamarBlue® was examined by taking the average fluorescence reading at 
two hours of incubation and plotting it against the average number of cells in each well. The 
increasing number of cells of TA1 in JMM (Fig. 5.8), JMM (2.5 atm) (Fig. 5.9) and peat 
extract (Fig. 5.10) were strongly related (R
2
 = 1) to an increase in fluorescence. 
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FIGURE 5.8: Linear relationship of alamarBlue® and cell numbers (R
2 
= 1). Fluorescence 
intensity of TA1 cells grown in JMM was linear over the range of 7.73 × 10
5
 and 1.24 × 10
7
 
after a 2 h incubation period. Each data point is the average of three replicates ± SE 
 
FIGURE 5.9: Linear relationship of alamarBlue® and cell numbers (R
2 
= 1). Fluorescence 
intensity of TA1 cells grown in JMM (2.5atm) was linear over the range of 8.66 × 10
5
 and 
1.39 × 10
7
 after a 2 h incubation period. Each data point is the average of three replicates ± 
SE 
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FIGURE 5.10: Linear relationship of alamarBlue® and cell numbers (R
2 
= 1). Fluorescence 
intensity of TA1 cells grown in peat extract was linear over the range of 9.25 × 10
5
 and 1.48 
× 10
7
 after a 2 h incubation period. Each data point is the average of three replicates ± SE 
 
 
Since analysis of variance of CFU per well present at each dilution level revealed no 
significant difference between the growth media, mean fluorescence intensity was compared 
for 10
7
 numbers at two hours of incubation as it was well above the detection limit for the 
assay (Fig. 5.11). ANOVA revealed there was no significant difference in fluorescence 
intensity between cells of TA1 in JMM media. However fluorescence intensity for cells in 
JMM media was significantly higher than that of cells in crude peat extract (p < 0.05). 
Fluorescence intensity for all growth media was significantly higher than that of the negative 
control. 
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FIGURE 5.11: Sensitivity of alamarBlue®. These graphs illustrate the limit of detection of 
TA1 cells grown in (a) JMM, (b) 2.5 atm and (c) peat extract. The dotted line represents the 
average fluorescence intensity of the negative control. Values are the mean of three replicates 
± SE after an incubation period of 2 h 
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The initial number of viable cells of CB1809 grown in JMM, JMM (2.5 atm) and crude peat 
extract per well were not significantly different at 10
6
 level of dilution (p < 0.05). This 
allowed for direct comparison of fluorescence readings between the growth treatments and 
the control. Fluorescence readings taken every 30 min for the duration of the four hour period 
were plotted against time for 10
6
 cells of CB1809 (Fig. 5.12). This figure shows that 
fluorescence increases in a linear fashion for cells in all growth media over a four hour period 
of incubation. 
 
 
FIGURE 5.12: Fluorescence intensity of CB1809 grown in different media over an 
incubation period of 4 h. The negative control represents the average fluorescence readings of 
alamarBlue® in wells containing “no cells”. Each data point is the means of three replicates ± 
SE 
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The linearity of alamarBlue® was examined by taking the average fluorescence reading at 
two hours of incubation and plotting it against the average number of cells in each well. The 
increasing number of cells of CB1809 in JMM (Fig. 5.13), JMM (2.5 atm) (Fig. 5.14) and 
peat extract (Fig. 5.15) were strongly related to an increase in fluorescence. 
 
 
FIGURE 5.13: Linear relationship of alamarBlue® and cell numbers (R
2 
= 0.97). 
Fluorescence intensity of CB1809 cells grown in JMM was linear over a range of 2.94 × 10
5
 
and 4.70 × 10
6
 after a 2 h incubation period. Each data point is the average of three replicates 
± SE 
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FIGURE 5.14: Linear relationship of alamarBlue® and cell numbers (R
2 
= 1.0). 
Fluorescence intensity of CB1809 cells grown in JMM (2.5 atm) was linear over a range of 
2.11 × 10
5
 and 3.38 × 10
6
 after a 2 h incubation period. Each data point is the average of three 
replicates ± SE 
 
 
FIGURE 5.15: Linear relationship of alamarBlue® and cell numbers (R
2 
= 1.0). 
Fluorescence intensity of CB1809 cells grown in peat extract was linear over a range of 7.50 
× 10
4
 and 1.20 × 10
6
 after a 2 h incubation period. Each data point is the average of three 
replicates ± SE 
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Analysis of variance of 10
6
 cells revealed no significant difference in cell numbers between 
any of the growth media. Fluorescence intensity was compared at two hours of incubation as 
it was well above the detection limit for the assay (Fig. 5.16). ANOVA revealed that there 
was no significant difference in fluorescence intensity between cells of CB1809 in JMM 
media. However fluorescence intensity for cells in JMM media was significantly higher than 
that of cells in crude peat extract (p < 0.05). Fluorescence intensity for all growth media was 
significantly higher than that of the negative control. 
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FIGURE 5.16: Sensitivity of alamarBlue®. These graphs illustrate the limit of detection of 
CB1809 cells grown in (a) JMM, (b) 2.5 atm and (c) peat extract. The dotted line represents 
the average fluorescence intensity of the negative control. Values are the mean of three 
replicates ± SE after an incubation period of 2 h 
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5.4 Discussion 
The results of the membrane integrity study of rhizobia show that cells of TA1 and CB1809 
grown in JMM medium have a greater ability to exclude PI than cells grown in peat extract. 
PI has been widely used in cell viability studies on the assumption that it is excluded from 
cells by intact membranes. According to this assumption, the results of this study infer that 
growing cells in peat extract compromises the integrity of membranes as the G/RRatio is 
significantly lower than that of the control cells. However, as reported in Chapter 4, growing 
rhizobia and in particular TA1, in peat extract was found to consistently increase desiccation 
tolerance.  
Salema et al. (1982b) reported that the process of drying and rehydration resulted in the 
rupture of the TA1 cell envelope causing death. Hence, to be able to withstand the process of 
drying and rehydration, cells must have a healthy cell envelope in order to remain viable. The 
reliability of PI as an indicator of membrane integrity must therefore be assessed keeping in 
mind that membrane integrity assays have been optimized for a limited number of bacterial 
species. 
Shi et al. (2006) reported that PI staining did not reliably indicate membrane integrity of 
Sphingomonas sp. and Mycobacterium frederiksbergense. They found that up to 40% of cells 
were stained by PI during exponential growth of Sphingomonas sp. and M. frederiksbergense. 
However, 50-75% of those cells remained culturable after cell sorting using a flow cytometer. 
This was compared to a 1-2% staining by PI of E.coli during exponential growth, of which 
only 4% remained culturable after sorting. They concluded that the membrane of certain 
bacterial species might become more permeable to PI during active growth. It is possible that 
rhizobial cells grown in peat extract at the time of PI staining were still actively dividing, 
making them more permeable to PI. As reported in Chapter 4, the growth rate of rhizobia is 
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reduced in peat extract, suggesting that cells in JMM were less permeable to PI at the time of 
staining because they had already reached stationary phase.  
Previous reports on Saccharomyces cerevisiae indicate that cells under stress conditions can 
become more permeable to PI without loss of viability (Davey and Hexley, 2011). They 
found that exposing S. cerevisiae to heat stress resulted in 23% increase in PI-uptake. 
However, removing the stress and allowing cells to recover for 1 hour prior to staining 
showed that only 14% of the cells remained permeable to PI. Similarly, cells exposed to 
ethanol and SDS became more permeable to PI and removing the stressor prior to staining 
decreased PI-uptake. They concluded that environmental stresses can cause reversible 
changes to membrane function and permeability, demonstrated by the changes in PI-uptake. 
Osmotic treatment of S. cerevisiae has been shown to lead to changes in membrane 
permeability resulting from the phase separation of phospholipids (Simonin et al., 2007). In 
this study, osmotically treated TA1 (2.5 atm) showed greater permeability to PI. However, 
that was not the case for cells of CB1809 grown under the same osmotic conditions. It is 
difficult to suggest with certainty that cells grown in peat extract were also under osmotic 
stress as the osmotic pressure of that medium was unknown. Other chemical stressors present 
in peat may have been responsible for the possible changes to membrane permeability in 
those cells. 
Heipieper et al., 1991 found that sub-lethal concentrations of phenolic compounds not only 
restricted growth of E. coli K12 but could increase membrane permeability. They observed 
the loss of ATP and nucleotides at both sub-lethal and lethal concentrations of phenolic 
compounds. Acidic phenols and tannins have been found to not only delay growth in 
Lactobacillus plantarum but also alter membrane fluidity. When acidic phenols were added 
to the medium, changes in the fatty acid composition of cells similar to that in response to 
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low temperature and high alcohol concentrations were observed. Conversely, tannins added 
to the growth medium of L. plantarum had an effect on fatty acid composition and membrane 
fluidity comparable to that of increasing the temperature of the growth medium (Rozes and 
Peres, 1998). Henis et al., (1964) found that the tannin fraction of carob pod extract inhibited 
the growth of C. fulvus. Tannins are high molecular weight substances which form insoluble 
complexes with proteins. The mechanisms by which tannins inhibit growth were suggested to 
either be by adsorbing on their surface or by penetrating the cell wall and reacting with its 
components.  
Peat is rich in phenolic compounds and tannins which would be expected to be also found in 
the extract. It is possible that these chemical constituents of peat affected the membrane 
permeability of rhizobial cells grown in the extract. PI-uptake by rhizobial cells grown at 2.5 
atm and in peat extract in this study did not indicate a decrease in membrane integrity as both 
growth treatments did not reduce their capacity for desiccation tolerance. 
The reduction of resazurin in the alamarBlue® assay by FMNH2, FADH2, NADH and 
NADPH is a reflection of metabolic activity and cell health. Continued cell growth maintains 
a reduced environment while inhibition of growth maintains an oxidized environment (Pettit 
et al., 2005). In this study, cells of rhizobia grown in JMM media showed a greater rate of 
resazurin reduction than cells grown in peat extract. As discussed in Chapter 4, the growth 
rate of TA1 and CB1809 was reduced in peat extract. Although the effect of the medium on 
growth was not as great in TA1 as in CB1809, the effect was still significant enough to 
reduce the rate of resazurin reduction.  
Reactive oxygen species such as superoxide and hydrogen peroxide are generated 
continuously in aerobically grown cells as a result of respiration (Cabiscol et al., 2000). A 
reduction in metabolic activity would cause a reduction in reactive by-products of oxygen in 
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the cell which can cause oxidative damage. This reduction in reactive oxygen species through 
the reduction in metabolic activity observed in peat extract-grown rhizobia may contribute to 
the improved desiccation tolerance reported in Chapter 4. 
In summary, growing cells of rhizobia in peat extract reduces their rate of growth and 
metabolic activity compared to that of cells grown in JMM media. Cells of TA1 under 
membrane stress were found to be more permeable to PI-uptake; however, changes to 
membrane permeability did not diminish their capacity for desiccation tolerance as reported 
in Chapter 4.  
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CHAPTER 6 
CHANGES IN CELL MORPHOLOGY OF RHIZOBIA AFTER 
GROWTH IN DIFFERENT MEDIA 
6.1 Introduction 
Rhizobial cells are motile rod-shaped bacteria ranging from 0.4 - 0.8 µm in diameter and 2 - 4 
µm in length (Fred et al., 2002). As Gram-negative cells, their cell envelope (Fig. 6) 
comprises of an outer membrane covalently bonded to a thin peptidoglycan layer, and an 
inner or plasma membrane encapsulating the cytoplasm. The space separating these two 
membranes is referred to as the periplasm or periplasmic space (Vincent et al., 1962; de 
Maagd & Lugtenberg, 1986; Ruiz et al., 2009). 
 
FIGURE 6: Schematic representation of the Gram-negative cell envelope (adapted from Ruiz et al., 
2009). LPS = lipopolysaccharide, OM = outer membrane, PG = peptidoglycan, PS = periplasmic 
space, PM = plasma membrane, PL = phospholipid and MP = membrane protein 
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Electron microscopy has often been used to study the morphology of bacterial cells and cell 
compartments. Cell structures that can be observed using transmission electron microscopy 
(TEM) include the outer and plasma membranes, the cytoplasm and periplasm as well as 
inclusion bodies. Traditional specimen preparation techniques for TEM involve fixation, 
dehydration and the embedding of specimens with a plastic resin at room temperature ( Bal et 
al., 1977; Hobot et al., 1984; Matias & Beveridge, 2005). In order to preserve the cell’s 
ultrastructure, glutaraldehyde and osmium tetroxide are used in primary and secondary 
fixation to increase the covalent bonding in the specimen. This ensures structural integrity 
during the process of dehydration with organic solvents and embedding with plastic resins 
(Beveridge, 1999).  
Differences in bacterial cell structures after growth in different media have been perviously 
observed. Using TEM, the periplasm of rhizobia grown in liquid cultures appeared as clear 
unoccluded space between the cell wall and cytoplasm. The periplasm is described as a gel-
like matrix containing trafficking proteins, enzymes, materials secreted from the cytoplasm 
and newly synthesised peptidoglycan layer components. When rhizobial cells were grown in 
peat, the periplasmic space was filled with electron dense material (Dart et al., 1969; Feng et 
al., 2002). Although the composition of this electron dense material in the periplasm remains 
unknown, both Dart et al. (1969) and Feng et al. (2002) suggested that it plays a role in 
improved desiccation tolerance of rhizobia. 
The outer membrane which separates the periplasm from the external environment is a lipid-
protein bilayer made up of proteins, phospholipids and lipopolysaccharides (Beveridge, 
1999). Structurally, the plasma membrane resembles the outer membrane (a lipid-protein 
bilayer containing phospholipids, proteins and enzymes). However, it is within the plasma 
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membrane that structural components of the cell envelope are synthesised and assembled 
(Costerton et al., 1974).  
Salema et al. (1982b) reported on the effects of dessication and rehydration on membrane 
integrity of Rhizobium trifolii WU1 (TA1). Electron micrographs of TA1 showed that cell 
membranes ruptured upon rehydration on the subpolar region of the cells where the flagellum 
emerges, suggesting that this may be a point of weakness in membranes of cells.  
In rhizobia, the cytoplasm contains genetic material and associated proteins including one or 
more plasmids (Mercado-Blanco and Toro, 1996). Inclusion bodies containing poly-β-
hydroxybutyrate (PHB) granules are often observed in the cytoplasm as electron-lucent 
circular structures using TEM (Urban and Bechtel, 1984). PHB is a storage polymer which 
can accumulate to greater than 50% of the cell dry weight and is deposited in nonunit 
membrane-enclosed granules. PHB granules have been reported to contain several thousand 
PHB molecules and to range in size between 100-800 nm (Shively, 1974).Urban and Bechtel 
(1984) reported on the effect of incubating R. trifolii 0403 in succinate-enriched media on the 
size and abundance of PHB granules. Synthesis of PHB is dependent on growth conditions 
and strain of rhizobia. Evidence suggests that accumulation of PHB granules is initiated by 
growth-limiting conditions as a reserve source of carbon (Zevenhuizen, 1981).  
This chapter describes morphological studies of Rhizobium leguminosarum bv. trifolii TA1 
and Bradyrhizobium japonicum CB1809 cells grown in different growth media. The aims of 
these studies were to observe and measure any changes in cell size, membrane and periplasm 
appearance and changes in the number of PHB granules after growth of rhizobia at different 
osmotic pressures and in aqueous peat extract. Changes in PHB accumulation may provide 
insight into the C/N ratio in peat extract as PHB accumulation takes place when carbon from 
the environment is in surplus (Urban & Bechtel, 1984). 
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6.2 Experimental overview 
 
 
FIGURE 6.1: Experimental flow chart for the study of rhizobial cell morphology 
 
 
6.2.1 Growth of strains 
Cells of TA1 and CB1809 were grown in JMM (1.0 atm), JMM (2.5 atm) and peat extract as 
described in Chapter 2, section 2.2. 
6.2.2 Specimen preparation for TEM 
Cells were harvested at early stationary phase, fixed with gluteraldehyde, dehydrated with 
ethanol and infiltrated with a plastic resin as described in Chapter 2, section 2.19. 
6.2.3 Data analysis 
Average cell length and diameter was estimated from three different micrographs. A total of 
10 cells per micrograph were analysed for each strain. Mean and standard error (SE) values 
were calculated using Microsoft Office Excel 2010. Abundance of PHB granules was 
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estimated by the number of cells containing PHB granules in three different micrographs. A 
total of 90 cells were examined for TA1 and 75 cells for CB1809. 
Significant differences in cell size between the growth treatments were determined by 
ANOVA using GenStat, (14th edition). Data were considered significant at p < 0.05 and the 
differences between mean values greater than the LSD value were considered significantly 
different.  
6.3 Results 
6.3.1 TEM examination of TA1 
Cells of TA1 grown in JMM (Fig 6.2 and 6.3) and peat extract (Fig. 6.6 and 6.7) were 
typically rod-shaped with a smooth cell envelope and a darkly stained outer membrane. 
Although cells grown at 2.5 atm (Fig. 6.4 and 6.5) were also rod-shaped, the cell envelope 
lacked the smoother lines of the cell envelope observed in cells grown at 1 atm and crude 
peat extract. The observed cells grown at 2.5 atm had noticeable undulations of the outer 
membrane, giving them an irregular-shaped appearance.  
The periplasmic space of cells grown at 1 atm, observed as a narrow, unoccluded space 
between the outer membrane and the cytoplasm in Fig. 6.3 (a) and (b), occupied a small 
volume. In some cells the periplasm was very difficult to observe. In contrast, the periplasmic 
space was more visible in cells grown at 2.5 atm with obvious undulations of the cell 
envelope, appearing as an unoccluded space between the outer and plasma membranes (Fig. 
6.4b). The periplasmic space of TA1 cells grown in peat extract was larger than that of cells 
grown in JMM media, with the plasma membrane clearly separated from the cell wall, 
particularly at the polar ends of the cell. In 63% of the examined cells, the periplasm was 
filled with an electron dense material concentrated around the plasma membrane (Fig. 6.6a 
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and b). This concentration of electron dense material around the plasma membrane resulted in 
a more defined and darkened appearance of the plasma membrane to that observed in cells 
grown in JMM media. 
The cytoplasm of TA1 was uniformly stained and contained electron dense inclusions as well 
as clearly visible PHB granules. PHB granules were more abundant in cells grown in JMM 
media than in cells grown in peat extract. The proportion of cells grown at 1 atm, 2.5 atm and 
peat extract found to contain PHB granules was 70%, 72% and 47% respectively (Table 6.1). 
The size of PHB granules observed in 23% of cells grown at 1 atm and 25% of cells grown at 
2.5 atm were visibly causing swelling in those cells, thus increasing their cellular volume (Fig 
6.2 and 6.4). This was not the case for cells grown in peat extract as the size of the PHB 
granules in those cells were not observed to increase cellular volume. 
The average cell length and diameter was 1.55 µm (± 0.10) and 0.63 µm (± 0.10) for cells 
grown at 1 atm. Cell size was not found to be significantly different to that of cells grown at 
2.5 atm. However, cells grown in peat extract were significantly smaller with an average 
length of 0.87 µm (± 0.10) and diameter of 0.63 µm (± 0.10) (Table 6.2). 
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FIGURE 6.2: Transmission electron micrographs of Rhizobium leguminosarum bv. trifolii 
(TA1) grown in JMM (1.0 atm) at early stationary phase. PHB granules are indicated by a 
black star and the periplasmic space by a white arrow 
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FIGURE 6.3: Transmission electron micrographs of Rhizobium leguminosarum bv. trifolii 
(TA1) grown in JMM (1.0 atm) at early stationary phase. Electron dense inclusions are 
indicated by a white star and PHB granules are indicated by a black star. The periplasmic 
space is indicated by a white arrow 
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FIGURE 6.4: Transmission electron micrographs of early stationary phase Rhizobium 
leguminosarum bv. trifolii (TA1) grown at 2.5 atm. Undulations of the cell envelope are 
indicated by a dashed black line and PHB granules by a black star 
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FIGURE 6.5: Transmission electron micrographs of early stationary phase Rhizobium 
leguminosarum bv. trifolii (TA1) grown at 2.5 atm. PHB granules are indicated by a black 
star 
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FIGURE 6.6: Transmission electron micrographs of early stationary phase Rhizobium 
leguminosarum bv. trifolii (TA1) grown in peat extract. Electron dense material in the 
periplasm is indicated by a dashed white arrow. Concentration of electron dense material 
around the plasma membrane is indicated by a solid black arrow and PHB granules are 
indicated with a black star 
  
124 
 
 
FIGURE 6.7: Transmission electron micrographs of early stationary phase Rhizobium 
leguminosarum bv. trifolii (TA1) grown in peat extract. Concentration of electron dense 
material around the plasma membrane is indicated by a solid black arrow and PHB granules 
by a black star 
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6.3.2 TEM examination of CB1809 
Cells of CB1809 grown in JMM (1.0 atm) (Fig 6.8 and 6.9) and peat extract (Fig. 6.12 and 
6.13) were rod-shaped and had a clearly defined ultrastructure, with a smooth and darkly 
stained outer membrane. Similar to cells of TA1, cells of CB1809 grown at 2.5 atm were rod-
shaped but had an undulating outer membrane which gave the cell envelope an irregular 
appearance (Fig 6.10 and 6.11). The periplasmic space visibly separated the cytoplasm from 
the outer membrane in cells grown in all media. The cytoplasm was more electron dense in 
cells grown in JMM media than that of cells grown in peat extract and found to contain 
abundant electron dense inclusions and PHB granules. PHB granules were more abundant in 
cells grown at 1 atm (53%) and 2.5 atm (57%) than in cells grown in peat extract (32%) as 
was the case for TA1, PHB granule size increased cell volume in 5% of cells grown at 1 atm 
and 9% of cells grown at 2.5 atm. Although PHB granules were also present in cells of 
CB1809 grown in crude peat extract, the size of those granules were not found to increase 
cellular volume. 
There was no difference in cell size after growth in different media with average cell length 
ranging from 1 µm to 1.1 µm and diameter from 0.33 µm to 0.38 µm (Table 6.2).  
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FIGURE 6.8: Transmission electron micrographs of early stationary phase Bradyrhizobium 
japonicum (CB1809) grown in JMM (1.0 atm). Electron dense inclusions are indicated by a 
white star, PHB granules by a black star and the periplasmic space by a white arrow 
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FIGURE 6.9: Transmission electron micrographs of early stationary phase Bradyrhizobium 
japonicum (CB1809) grown in JMM (1.0 atm). PHB granules are indicated by a black star 
and the periplasmic space by a white arrow 
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FIGURE 6.10: Transmission electron micrographs of early stationary phase Bradyrhizobium 
japonicum (CB1809) grown at 2.5 atm. Undulations of the cell envelope are indicated by 
dashed arrows; electron dense inclusions by white stars and PHB granules by black stars 
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FIGURE 6.11: Transmission electron micrographs of early stationary phase Bradyrhizobium 
japonicum (CB1809) grown at 2.5 atm. Undulations of the cell envelope are indicated by 
dashed arrows; electron dense inclusions by white stars and PHB granules by black stars 
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FIGURE 6.12: Transmission electron micrographs of early stationary phase Bradyrhizobium 
japonicum (CB1809) grown in peat extract. Concentration of electron dense material around 
the plasma membrane is indicated by a black arrow and electron dense inclusions by a white 
star 
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FIGURE 6.13: Transmission electron micrographs of early stationary phase Bradyrhizobium 
japonicum (CB1809) grown in peat extract. PHB granules are indicated by black stars 
 
  
132 
 
TABLE 6.1: Abundance and size of PHB granules observed in cells of TA1 and CB1809 
examined by TEM 
   
Cells with PHB granules 
present (%)* 
 
Increase in cell size due to  
PHB granules (%)
#
 
 Media   
TA1 1.0 atm 72 23 
2.5 atm 70 25 
Peat extract 47 0 
    
CB1809 1.0 atm 53 5 
2.5 atm 57 9 
Peat extract 32 0 
*Abundance was calculated from the number of cells containing PHB granules in three 
different micrographs. A total of 90 cells were examined for TA1 and 75 cells for CB1809. 
# The percentage of cells observed with increased cellular volume resulting from large PHB 
granules.  
 
 
 
TABLE 6.2: Cell size for TA1 and CB1809 grown in different media 
   
Cell length (µm)* 
 
Cell diameter (µm)
#
 
 Media   
TA1 1.0 atm 1.55a 0.63c 
2.5 atm 1.70a 0.70c 
Peat extract 0.87b 0.63d 
    
CB1809 1.0 atm 1.0e 0.33f 
2.5 atm 1.1e 0.40f 
Peat extract 1.1e 0.38f 
*#Average cell length and diameter ± SE was estimated from three different micrographs. A 
total of 10 cells per micrograph were analysed for each strain. Values for length or diameter 
of each strain with the same letter are not significantly different (p < 0.05). 
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6.4 Discussion 
This study has demonstrated that adaptive responses by rhizobial strains TA1 and CB1809 to 
conditions during growth are observable as changes in cell morphology. Understanding the 
nature of these changes may be useful to develop tools for screening growth media which 
elicit similar responses with the ultimate aim of improving desiccation tolerance. 
The cell morphology of TA1 and CB1809 grown in JMM was consistent with that of broth 
cultures of R. trifolii 0403 grown in BIII (2)-mannitol medium (Urban and Bechtel, 1984) and 
B. japonicum USDA110 grown in a defined medium (Pfeffer et al., 1994). Both TA1 and R. 
trifolii 0403 had a large cytoplasmic volume surrounded by a small periplasmic space 
separating the cytoplasm and outer membrane. Cells of B. japonicum USDA110 and CB1809 
had an electron dense cytoplasm surrounded by a larger periplasmic space. In this study, the 
abundance of PHB granules in JMM cultured cells of TA1 and CB1809 was a distinct point 
of differentiation with cells grown in peat extract. Large quantities of PHB were also 
observed in BIII (2)-mannitol cultured cells of R. trifolii 0403 by Urban and Bechtel (1984) 
and Pfeffer et al. (1994) for B. japonicum USDA110 cultured in a defined medium. 
Differences in PHB accumulation observed in TA1 and CB1809 grown in crude peat extract 
may indicate differences in the C/N ratios of the growth medium. The amount of PHB 
accumulated by rhizobia has been found to be dependent on the species and availability of 
carbon in the media (Vincent et al., 1962; BenRebah et al., 2009). Consequently, the decrease 
of PHB in cells grown in peat extract suggests that the available carbon may be limited in the 
extract or perhaps metabolic energy is being re-directed elsewhere as an adaptive response. In 
this study, the accumulation of PHB reserves by TA1 and CB1809 do not appear to be 
correlated to improved survival. Feng et al. (2002) also found that the accumulation of PHB 
granules in rhizobia did not improve survival on plastic beads.  
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Increasing osmotic pressure of the growth media to 2.5 atm did not have any significant 
effect on the size of the rhizobial cells or their ability to accumulate PHB granules and 
electron dense inclusion bodies. However, the cell envelope was visibly affected, with 
undulations of the outer membrane giving the periplasm an irregular appearance. It has been 
suggested that traditional techniques of specimen preparation for TEM can induce features 
such as membrane artifacts and the condensing of cytoplasmic material (Hunter & Beveridge, 
2005). Some of the artifacts previously described include irregular width of the periplasmic 
space, poorly defined plasma membrane and undulations of the cell envelope (Hobot et al., 
1984). However, as morphological variation was observed relative to cells grown at 1 atm, it 
is likely that cells grown at 2.5 atm had undergone cell plasmolysis prior to primary fixation 
giving them an irregular appearance under the electron microscope. 
 Electron micrographs of plasmolysed cells of E.coli have shown marked separation of the 
cell wall from the cytoplasm with discrete bridges of cytoplasmic material still attached to the 
cell wall (Cota-Robles, 1962; Bayer, 1968). These points of attachment resulted in an 
undulating shape preserved by chemical fixation of the cells during specimen preparation. 
Similarly, Pfeffer et al. (1994) reported undulations to the cell envelope and condensation of 
cytoplasmic contents in osmotically shocked B. japonicum USDA110 examined using TEM. 
These similarities in the appearance of plasmolysed E. coli and B. japonicum USDA110 cells 
observed previously resemble that of TA1 and CB1809 grown at 2.5 atm in this study. This 
indicates that their irregular envelope morphology was due to the increased osmotic pressure 
of the growth medium rather than artifacts caused by the technique used for specimen 
preparation. 
Cells of TA1 grown in peat extract were significantly smaller than cells grown in JMM 
media. This was not the case for CB1809 grown in peat extract as cell-size was not 
significantly different to that of cells grown in JMM media. Electron dense material in the 
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periplasmic space accumulated around the plasma membrane was observed in electron 
micrographs of both TA1 and CB1809 after growth in peat extract. Membrane thickening has 
also been reported in 4- and 5-month and 11 day old cells of TA1 extracted from peat 
cultures (Feng et al., 2002). Electron dense material occluding the periplasm was also 
observed in peat cultured cells but not in broth cells. This also confirms earlier observations 
by Dart et al. (1969) of periplasmic morphology in cells of Rhizobium trifolii.  
Improved survival of cells grown in peat extract in these studies (described in Chapter 4) may 
be explained by changes in cell morphology. Morphological differences between broth and 
peat cultured cells was suggested by Dart et al. (1969) and Feng et al. (2002) to be adaptive 
responses linked to improved survival. The electron dense material around the plasma 
membrane may improve survival through the maintenance of membrane structure and 
permeability by preventing the leakage of cytoplasmic materials and loss of homeostasis. 
Studies on membrane permeability of rhizobia under desiccation stress have shown that 
damage to the plasma membrane may be the main cause of cell death (Bushby and Marshall, 
1977a). 
Previous studies by Cota-Robles (1963), Bayer (1968) and Pilizota and Shaevitz (2013) on 
cell morphology of E. coli have shown that cell plasmolysis is the consequence of 
hyperosmotic shock.  A sudden increase in external solute concentration causes a pressure 
drop across the cell envelope which drives changes in cell shape, such as plasmolysis 
(Pilizota and Shaevitz, 2013). Plasmolysis as an adaptive response to hyperosmotic stress can 
be reversed as the stress is removed by placing the cells in an isotonic solution. 
In this study, both strains of rhizobia (TA1 and CB1809) were observed to undergo changes 
in cell morphology as an adaptive response to the growth medium. Morphological changes of 
cells grown at 2.5 atm were consistent with plasmolysis while cells grown in peat extract 
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exhibit morphological changes similar to those observed after growth in moist peat. The 
morphological similarities between cells grown in peat extract and moist peat suggest that 
this adaptive response may be due to the chemical constituents of peat which would also be 
present in peat extract. However the nature of these constituents and their role in causing 
adaptive changes of cell morphology remain unclear. 
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CHAPTER 7 
CHANGES IN PROTEIN EXPRESSION IN RHIZOBIA GROWN IN 
DIFFERENT MEDIA 
7.1 Introduction 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a technique that 
detects protein expression and can be used to infer their involvement in mechanisms of 
adaptation and stress tolerance. 
Previous studies have used SDS-PAGE to compare the expression of heat and cold shock 
proteins in Arctic and temperate stains of rhizobia outside their optimal growth temperature 
range. Cloutier et al. (1992) reported that, in spite of their different thermoadaptation 
characteristics, Arctic and temperate strains of rhizobia display some similarities in their heat 
and cold shock protein expression. The small difference in protein expression that was found 
between the two groups of rhizobia was thought to be in response to their ecological origin.  
SDS-PAGE has also been used to examine the effect of osmotic and heat stress on protein 
patterns in rhizobia isolated from the semi-arid soils of Sudan. Zahran et al. (1994) reported 
that osmotic stress led to changes in protein band patterns and that a 65 kDa protein 
consistently appeared with increasing temperature in Sudanese rhizobia with the ability to 
grow up to 44.2°C.  
Feng et al. (2002) used SDS-PAGE to observe an enhanced expression of a 23 kDa 
polypeptide band in peat cultures of rhizobia when compared to liquid cultures. After N-
terminal sequencing, it was determined to be an iron-manganese superoxide dismutase 
protein which protects cells from damage by superoxide radicals. This protein is believed to 
contribute to the superior rate of survival of peat cultures of rhizobia. More recently, 
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Rodrigues et al. (2006) reported on the use of SDS-PAGE to obtain information on protein 
pattern changes in mesorhizobia isolates from Portugal exposed to temperature and pH stress. 
A 60-kDa protein was found to be overproduced by all isolates under temperature stress 
which they suggested could be the heat shock protein GroEL. 
SDS-PAGE is often used as a preliminary or screening tool for more in-depth proteome-
based studies. Separation of proteins into discrete polypeptide bands using SDS-PAGE is 
carried out by running a protein mixture on a vertical gel in an SDS buffer which separates on 
the basis of molecular weight. However, overlap or co-migration of proteins can occur due to 
its relatively low resolving power, resulting in several different proteins appearing as a single 
discrete band upon staining. Nevertheless, SDS-PAGE is often favoured due to its simplicity, 
and gel reproducibility (Jensen et al., 1997) and the aforementioned studies demonstrate that 
it is still a beneficial tool in identifying protein responses to stress. 
In this chapter, SDS-PAGE of proteins expressed in cultures of TA1 and CB1809 grown in 
JMM (1.0 atm), JMM (2.5 atm) and peat extract are compared. The aims of these studies 
were to identify changes in protein expression that may relate to improved desiccation 
tolerance and identify the growth conditions under which they are expressed.  Polypeptide 
bands that increased or decreased in expression in both strains have been tentatively 
identified and the possible connection with changes in cell morphology and survival are 
discussed. 
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7.2 Experimental overview 
7.2.1 Growth of strains 
Cultures of TA1 and CB1809 were grown in, JMM (2.5 atm) and peat extract as described in 
Chapter 2, section 2.2 and cells grown in JMM (1.0 atm) were used as the control. 
7.2.2 SDS-PAGE and peptide analysis 
Cells of TA1 and CB1809 grown to early stationary phase were harvested and total cell 
protein extracted as described in Chapter 2, section 2.20. Solubilised proteins were separated 
using SDS-PAGE and peptides analysed using LC-MS (Chapter 2, section 2.21).  
 
FIGURE 7: Experimental flow chart for protein expression analysis of rhizobia 
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7.2.3 Data analysis 
Relative band intensity was measured using the band analysis feature of Quantity One® 
software and mean values were calculated from three lanes for each treatment using 
Microsoft Office Excel 2010. Significant differences in relative band intensity between the 
treatments were determined by one-way ANOVA using GenStat, (14th edition). Data were 
considered significant at p < 0.05 and the differences between mean values greater than the 
LSD value were considered significantly different.  
7.3 Results 
 Polypeptide expression varied according to the growth medium for TA1 and CB1809 
(Fig.7.1 and 7.2) the differences were consistently observed in three replicate gels. As the 
analysis was a 1-D analysis of a total protein extract, the bands selected from the gels for 
peptide identification corresponded to multiple protein matches. The top scoring protein 
matches for each band analysed are listed in Table 7.1 for TA1 and Table 7.2 for CB1809, 
along with the corresponding number of peptides matched.   
The relative intensities of the selected bands from the gels was measured using the band 
analysis feature of Quantity One® software and are listed in Tables 7.1 and 7.2 as the average 
value of the three samples in three treatment lanes. The difference in relative band intensity 
between the control and treatments is shown as a ratio and ANOVA of the relative band 
intensity indicated changes in protein abundance in the selected bands were statistically 
significant (p < 0.05). 
In order to examine protein expression in TA1, 14 protein bands were analysed for peptide 
identification. Band analysis showed that 25% of the bands analysed were downregulated in 
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cells grown in the treatment media while 67% were upregulated when compared to the 
control. 
Protein expression was significantly downregulated in bands 1, 2 and 12 of TA1 cells grown 
in the treatment media when compared to that of the control. Band 2 was dowregulated in 
cells from both treatments while bands 1 and 12 were only downregulated in peat extract-
grown cells. These three bands were comprised mostly of solute-binding transporter proteins, 
ribosomal proteins and proteins involved in proteolytic activity.  
Protein expression was significantly higher in bands 1, 3, 4, 5, 6, 7 and 8 in cells of TA1 
grown in the treatment media in comparison to the control. Band 1 was significantly more 
abundant in cells grown at 2.5 atm only, while bands 5, 6, 7 and 8 were greater in peat 
extract-grown cells than cells grown at 2.5 atm. These bands were mostly made up of 
ribosomal, stress response and solute-binding transporter proteins as well as chaperone 
proteins and proteins involved in proteolytic activity. 
Protein abundance in bands 9, 10, 11, 13 and 14 was significantly higher in cells of TA1 
grown in peat extract compared to cells grown in JMM media.  
Unlike the other polypeptides, expression in cells grown at 2.5 atm was significantly 
downregulated when compared to the control in band 10. This band was mostly made up of a 
ribosomal protein, a putative uncharacterised protein and a protein involved in protein 
folding. 
Analysis of eight protein bands, carried out for CB1809 showed that 63% of the bands were 
downregulated and 50% upregulated in the treatment media when compared to the control. 
Protein expression in bands 2, 4, 6, 7 and 8 was significantly downregulated in CB1809 cells 
grown in the treatment media compared to that of the control. However, in band 4 protein 
  
142 
 
expression was only significantly downregulated in cells grown at 2.5 atm and, in band 6, 
only in cells grown in peat extract were downregulated compared to the control. Protein 
abundance in bands 2 and 7 was significantly lower in peat extract-grown cells only. The 
downregulated peptides present in bands 2, 4, 6, 7 and 8 were mostly comprised of iron, 
TonB-receptors and siderophore transporter proteins as well as several putative 
uncharacterised proteins. 
Protein expression in band 1 was significantly higher in cells grown in both treatment media 
in comparison to cells grown in the control medium and bands 3, 4 and 5 were upregulated in 
cells grown in peat extract only when compared to cells grown in JMM media. The 
upregulated bands contained mostly chaperone proteins, proteins involved in proteolytic 
activity and oxidative stress response. 
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FIGURE 7.1: SDS-PAGE of total cell protein extracts from TA1 cells grown in different 
media. Cells were grown in JMM (1.0 atm) (lanes 1-3); JMM (2.5 atm) (lanes 4-6) and peat 
extract (lanes 7-9). Each lane corresponds to a single replicate growth treatment and protein 
extraction. Samples were reduced using β-mercaptoethanol. Electrophoresis was performed 
using 12% (w/v) polyacrylamide gels and proteins were stained with Blue silver Coomassie 
Blue G-250 solution. The amounts of protein loaded onto the lanes were 30 µg. Numbers and 
arrows indicate the polypeptide bands excised for sequencing and their tentative 
identification is presented in Table 7.1 
 
 
  
JMM 2.5 atm Peat extract 
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FIGURE 7.2: SDS-PAGE of total cell protein extracts from CB1809 cells grown in different 
media. Cells were grown in peat extract (lanes 1-3); JMM (1.0 atm) (lanes 4-6) and JMM (2.5 
atm) (lanes 7-9). Each lane corresponds to a single replicate growth treatment and protein 
extraction. Samples were reduced using β-mercaptoethanol. Electrophoresis was performed 
using 12% (w/v) polyacrylamide gels and proteins were stained with Blue silver Coomassie 
Blue G-250 solution. The amounts of protein loaded onto the lanes were 25 µg. Numbers and 
arrows indicate the polypeptide bands excised for sequencing and their tentative 
identification is presented in Table 7.2 
  
Peat extract JMM 2.5 atm 
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TABLE 7.1: Identification of TA1 polypeptide changes after growth at 2.5 atm and in peat extract (Fig.7.1).  
 
 
 
 
 
Band 
 
 
Relative band intensity# 
 
 
 
Tentative identification 
 
 
 
Species 
 
 
Accession 
number 
 
 
 
Score^ 
 
 
Peptide 
matches 
 
 
 
Mass  
 
Control 
 
2.5 atm 
 
Peat extract 
 
 
 
1*** 
   50S ribosomal protein L5 R. leguminosarum bv. viciae Q1MIC9  512 16 20,965 
   ATP-dependent Clp protease proteolytic subunit 3 R. leguminosarum bv. viciae Q1MDH4 384 9 21,581 
1.0a 1.1b 0.4c 50S ribosomal protein L6 R. leguminosarum bv. viciae Q1MIC6  345 7 19,335 
   Invasion associated locus B family protein R. leguminosarum bv. trifolii C6AXQ9 296 7 23,133 
   Putative uncharacterised protein R. leguminosarum bv. trifolii C6B3S6 257 4 22,309 
          
 
2** 
   Ribosome-recycling factor R. leguminosarum bv. viciae Q1MH51 438 6 20,793 
1.0a 0.7b 0.6b Inorganic pyrophosphatase R. leguminosarum bv. trifolii C6AYW1 314 6 19,787 
   Putative uncharacterised protein R. leguminosarum bv. trifolii C6AZU0 158 2 20,421 
          
 
3* 
   50S ribosomal protein L5 R. leguminosarum bv. viciae Q1MIC9 550 8 20,965 
1.0a 1.2b 1.1ab 50S ribosomal protein L6 R. leguminosarum bv. viciae Q1MIC6 398 6 19,335 
   Invasion associated locus B family protein R. leguminosarum bv. trifolii C6AXQ9 330 6 23,133 
          
 
4*** 
   5'-Nucleotidase domain protein R. leguminosarum bv. trifolii C6AW28 1032 15 68,698 
1.0a 1.7b 1.9b Organic solvent tolerance protein R. leguminosarum bv. trifolii C6ATM8 393 5 86,044 
   Phosphorylase R. leguminosarum bv. viciae Q1MBT0 197 2 91,749 
          
 
 
5*** 
   Putative solute-binding component of ABC 
transporter 
R. leguminosarum bv. viciae Q1MAI0  649 12 55,171 
1.0a 1.5b 1.7c Putative uncharacterised protein R .leguminosarum bv. trifolii C6AT12  479 9 55,332 
   Pyruvate kinase R. leguminosarum bv. viciae Q1MBY2  460 8 51,434 
   Malonic semialdehyde oxidative decarboxylase R. leguminosarum bv. viciae Q1ML83 211 4 53,531 
          
 
 
 
 
 
 
 
6*** 
   Extracellular solute-binding protein family 1 R. leguminosarum bv. trifolii C6B0W4 871 17 43,518 
   Extracellular solute-binding protein family 1 R. leguminosarum bv. trifolii C6B9N9  830 10 44,939 
   Extracellular solute-binding protein family 1 R. leguminosarum bv. trifolii C6B632 748 13 47,428 
   Extracellular ligand-binding receptor R. leguminosarum bv. trifolii C6B6R0  745 20 42,721 
   Putative substrate-binding component of ABC 
transporter 
R. leguminosarum bv. viciae Q1M3M1  712 14 49,143 
 
1.0a 
 
1.4b 
 
15c 
Solute-binding component of a broad range amino 
acid ABC transporter 
R. leguminosarum bv. viciae Q1MCU5 685 13 38,860 
   Extracellular solute-binding protein family 1 R. leguminosarum bv. trifolii C6BAC6  562 8 45,412 
   Fumarylacetoacetate (FAA) hydrolase R. leguminosarum bv. trifolii C6BAB3  469 6 40,813 
   Acetylornithine and succinylornithine 
aminotransferase 
R. leguminosarum bv. trifolii C6AZH0  418 7 42,341 
   3-isopropylmalate dehydrogenase R. leguminosarum bv. trifolii C6B056  176 3 39,675 
          
 
7*** 
   Putative uncharacterised protein R. leguminosarum bv. trifolii C6AYX8  1047 22 32,653 
1.0a 1.7b 2.6c Putative solute-binding component of ABC R. leguminosarum bv. viciae Q1MM20  658 21 35,222 
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transporter 
   Periplasmic binding protein/LacI transcriptional 
regulator 
R. leguminosarum bv. trifolii C6AX84  480 7 34,699 
   Putative ABC transporter periplasmic sugar-
binding protein 
R. leguminosarum bv. trifolii C6B607  465 10 34,047 
          
 
8*** 
   50S ribosomal protein L3 R. leguminosarum bv. trifolii C6AUZ7 463 8 22,519 
1.0a 1.5b 1.7c Phage shock protein A, PspA R. leguminosarum bv. trifolii C6ATQ7 386 6 41,000 
   Acetoacetyl-CoA reductase R. leguminosarum bv. trifolii C6AZY2 321 7 25,755 
          
 
9*** 
   Polyhydroxyalkonate synthesis repressor, PhaR R. leguminosarum bv. trifolii C6AZY4 547 10 21,995 
1.0a 1.1a 1.5b 50S ribosomal protein L6 R. leguminosarum bv. viciae Q1MIC6 328 7 19,335 
   ATP-dependent Clp protease proteolytic subunit 3 R. leguminosarum bv. viciae Q1MDH4 315 6 21,581 
          
 
10*** 
   50S ribosomal protein L10 R. leguminosarum bv. trifolii C6AUY7 700 12 18,160 
1.0a 0.4b 1.4c Putative uncharacterised protein R. leguminosarum bv. trifolii C6B940 611 14 18,272 
   Peptidyl-prolyl cis-trans isomerase R. leguminosarum bv. viciae Q1MGM4 579 11 18,577 
          
 
11*** 
   Putative uncharacterized protein R. leguminosarum bv. trifolii C6AYJ1 345 8 14,764 
1.0a 0.9a 3.0b Thioredoxin R. leguminosarum bv. viciae Q1MND2 229 4 11,348 
   Cold shock protein R. etli Q2K744 188 5 7,415 
          
 
 
12*** 
   Putative solute-binding component of ABC 
transporter 
R. leguminosarum bv. viciae Q1MAK1 684 12 28,793 
1.0a 0.9a 0.7b Extracellular solute-binding protein family 3 R. leguminosarum bv. trifolii C6AZZ6 675 12 27,665 
   50S ribosomal protein L25 R. leguminosarum bv. viciae Q1MDL8 556 14 21,857 
          
    30S ribosomal protein S16 R. leguminosarum bv. trifolii C6AZ07 325 7 13,708 
13*** 1.0a 0.8a 3.8b 50S ribosomal protein L14 R. leguminosarum bv. trifolii Q1MID1 294 4 13,393 
    3-demethylubiquinone-9 3-methyltransferase R. leguminosarum bv. trifolii C6B2X1 283 4 16,985 
          
    Trigger factor R. leguminosarum bv. trifolii C6AWF2 1390 28 54,394 
14* 1.0a 1.3a 1.8b 60 kDa chaperonin 4 R. leguminosarum bv. trifolii C6B896 853 14 57,655 
    60 kDa chaperonin 1 R. leguminosarum bv. viciae Q1MKX4 636 11 57,902 
#
Relative protein abundance for each growth treatment was measured using Quantity One® software and the difference calculated as a ratio. 
^
Ions score is -10*Log(P), where 
P is the probability that the observed match is a random event. Significant (p < 0.05) Mascot scores with at least two peptides matched were considered to represent positive 
identification of the protein. A score > 50 indicates identity or extensive homology (p < 0.05). Only proteins with ≥ 2 peptide matches are shown. Mean band intensity values 
for each band number with the same letter are not significantly different. *** p < 0.001; ** p < 0.01; * p < 0.05 
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TABLE 7.2: Identification of CB1809 polypeptide changes after growth at 2.5 atm and in peat extract (Fig.7.2)  
 
Band 
  
Relative band intensity# 
 
Tentative identification 
 
Species 
 
Accession 
number 
 
Score^ 
 
Peptide 
matches 
 
Mass  
 
Control 
 
2.5 atm 
 
Peat extract 
 
1** 
   Lon protease B. japonicum USDA 6 G7D7U7 1820 29 88,918 
1.0a 1.5b 1.6b ATP-dependent protease B. japonicum USDA 6 G7D1W5 1691 21 96,755 
   Aconitase B. japonicum USDA 6 G7DFC9 1668 24 98,405 
          
 
2*** 
   Putative uncharacterised protein B. japonicum USDA 6 G7DQK0 953 13 75,656 
1.0a 0.7b 0.3c Putative uncharacterised protein B. japonicum USDA 6 G7DK57 921 15 74,040 
   Putative uncharacterised protein B. japonicum USDA 6 G7DRU8 785 11 74,706 
          
 
 
3*** 
   60 kDa chaperonin 2 B. japonicum USDA 6 G7D3H9 1456 29 57,168 
   60 kDa chaperonin 3 B. japonicum USDA 6 G7D640 1294 26 57,521 
1.0a 1.1a 1.6b 60 kDa chaperonin 1 B. japonicum USDA 6 G7D2D5 1205 23 57,691 
   ABC transporter peptide-binding protein B. japonicum USDA 6 G7DR07 578 14 65,098 
   Glutamine synthetase B. japonicum USDA 6 G7D7T9 566 10 52,342 
          
 
4*** 
   ATP synthase alpha chain B. japonicum USDA 6 G7DFA1 893 19 55,164 
1.0a 0.8b 1.2c Methylmalonate-semialdehyde 
dehydrogenase 
B. japonicum USDA 6 G7DJS7 607 11 53,514 
   Putative uncharacterised protein B. japonicum USDA 6 G7DKC3 517 10 58,517 
          
 
5*** 
   Putative uncharacterised protein B. japonicum USDA 6 G7DDQ9 395 11 18,039 
1.0a 1.8a 16b Putative uncharacterised protein B. japonicum USDA 6 G7D558 235 4 13,308 
   DNA-binding stress response protein Dps 
family 
B. japonicum USDA 6 G7D5V1 231 5 19,658 
          
 
6*** 
   Hemin receptor B. japonicum USDA 6 G7D8U3 1783 31 85,229 
1.0a 0.9a 0.3b Putative uncharacterised protein B. japonicum USDA 6 G7DJX9 1391 26 86,880 
   TonB dependent receptor B. japonicum USDA 6 G7DCF2 1127 17 71,975 
          
          
 
7*** 
   Putative uncharacterised protein B. japonicum USDA 6 G7DPZ0 1511 28 81,736 
1.0a 0.6b 0.4c Ferrichrome iron receptor B. japonicum USDA 6 G7D7W3 1181 21 82,206 
   Putative uncharacterised protein B. japonicum USDA 6 G7DPJ5 1104 11 84,122 
          
 
8** 
   Glutathione synthetase B. japonicum USDA 6 G7DHA7  736 14 34,760 
1.0a 0.5b 0.6b ABC transporter sugar binding protein B. japonicum USDA 6 G7DRP3 600 16 38,349 
   Quinone oxidoreductase B. japonicum USDA 6 G7DMW4  531 11 34,140 
 
#Relative protein abundance for each growth treatment was measured using Quantity One® software and the difference calculated as a ratio. ^Ions score is -10*Log(P), where P is the probability that the observed match 
is a random event. Significant (p < 0.05) Mascot scores with at least two peptides matched were considered to represent positive identification of the protein. A score > 49 indicates identity or extensive homology (p < 
0.05). Only proteins with ≥ 2 peptide matches are shown. Mean band intensity values for each band number with the same letter are not significantly different.*** p < 0.001; ** p < 0.01
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7.4 Discussion 
One of the recognised limitations of 1-D SDS-PAGE is the possibility of co-migration of 
similar sized proteins, leading to the possibility of more than one protein appearing as a 
single band upon staining. Although separation using 2-D analysis may improve resolution in 
identifying proteins, it is not always the case and some spots may be identified as containing 
more than one protein. Campostrini et al. (2005) reported that of 85 spots on a 2-D gel found 
to be up- or downregulated in tumor tissue in mice only 74 spots could be identified. They 
found that of those 74 spots 52 contained single proteins, while 14 contained two, 6 contained 
three and two contained four or more proteins. 
The co-migration of proteins was identified in this study therefore it is difficult to conclude 
with certainty which protein or proteins are contributing to the observed changes in 
polypeptide band expression when rhizobia were exposed to stress. However, it is interesting 
to note the proteins that change in response to growth in the treatment media and to suggest 
mechanisms for their contribution to the observed improvements in desiccation tolerance in 
these strains. This preliminary screening information provides targets for more discriminatory 
techniques to be used in future studies. 
Amongst several of the proteins identified in band 4 of TA1 grown in both treatment media 
was an organic solvent tolerance protein. This protein, often referred to as Imp/OstA 
(increased membrane potential/organic solvent tolerance), is a minor outer membrane protein 
and is the product of the imp,ostA gene region (Abe et al., 2003; Aono et al., 1994). 
Imp/OstA is regulated by sigma factor (ơE), which typically regulates genes required to 
combat stress in the periplasmic space of E. coli (Dartigalongue et al., 2001). Imp/OstA is 
required for cell division and maintaining envelope structure and its absence leads to loss of 
membrane integrity and cell lysis (Braun & Silhavy, 2002). Another protein of interest in 
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band 8 which was significantly more abundant in cells grown at 2.5 atm and peat extract 
compared to the control is the phage shock protein A or PspA. This peripheral membrane 
protein (also regulated by the sigma factor ơE) helps maintain membrane potential and repair 
proton leakage from damaged membranes (Kobayashi et al., 2007). PspA is induced under 
membrane stress conditions such as growing cells in the presence of organic solvents, 
osmotic and heat stress (Kobayashi et al., 1998). It has been suggested that PspA stabilizes 
the plasma membrane through phospholipid binding and forming a protein scaffold (Standar 
et al., 2008). The increased expression of Imp/OstA and PspA may explain the morphological 
changes observed in the envelope of cells grown in peat extract as shown in Chapter 6 and 
their increased capacity for desiccation tolerance. Salema et al. (1982b) observed the 
rupturing of the cell wall resulting in the loss of intracellular materials when desiccated cells 
of R. trifolii TA1 were rehydrated. It could be suggested that this physical damage to the cell 
envelope upon rehydration is minimised in peat extract-grown cells as a result of the 
maintenance of membrane potential and structure by Imp/OstA and PspA and that these 
proteins, or their transcripts, could be targeted in future proteomic or transcriptomic studies. 
Electron micrographs (Chapter 6) of TA1 revealed the presence of PHB granules in cells 
from all the growth treatments. However, PHB granules were notably fewer in number in 
cells grown in peat extract and this is perhaps due to increased abundance of a 
polyhydroxyalkonate synthesis repressor or PhaR, identified as one of the proteins present in 
band 9. PhaR is a DNA-binding protein which acts as a negative regulator for proteins which 
regulate and promote PHB synthesis, also known as phasins (Encarnación et al., 2003). PhaR 
was first termed AniA in rhizobia because of its expression under anaerobic conditions 
(Povollo and Casella, 2000). In this study, the accumulation of PHB reserves by rhizobia do 
not appear to be correlated to improved survival and that is consistent with the findings of 
Feng et al. (2002).   
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Other proteins induced in TA1 cells after growth peat extract and 2.5 atm include ribosomal, 
chaperone, cold shock and antioxidant proteins. Ribosomal proteins have been reported to 
increase under different environmental stresses such as heat and salt and the degradation of 
ribosomal proteins has been reported to be correlated with cell death (El-Sharoud, 2004).The 
increased expression of ribosomal proteins may reflect the ability for rapid synthesis of a 
specific set of protective proteins (Rosen et al., 2001). Chaperone proteins are believed to 
prevent misfolding and promote the proper assembly of polypeptides generated under stress, 
and antioxidant proteins such as thioredoxin are essential to lower reactive oxygen species 
levels (Hubner et al., 1996; Pauly et al., 2006). 
Identification of proteins in CB1809 grown in peat extract and 2.5 atm showed an increase in 
proteins generated as a response to environmental stress compared with the control cells.  
Band 1 was significantly more abundant in the peat-grown and JMM (2.5 atm) cells, and 
contained the proteins Lon protease and ATP-dependent protease. Lon protease protects 
DNA from damage by degrading abnormal proteins and ATP-dependent protease mutants of 
E. coli have been found to be more sensitive to DNA damage (Torres-Cabassa and 
Gottesman, 1987). The proteins in band 3 from peat extract-grown cells showed an increased 
expression over the 2.5 atm and control cells, and one of the proteins in this band was 
identified as a 60 kDa chaperonin. Chaperonins have been shown to assist in the proper 
folding of misfolded or unfolded polypeptides generated under stress (Gutsche et al., 1999). 
The proteins present in band 5 significantly increased in expression in peat extract-grown 
cells compared to that of the control and 2.5 atm and were mostly unidentified putative 
proteins. However, one protein contained in band 5 was identified as DNA-binding stress 
response protein from the Dps family which have been demonstrated to provide protection 
against oxidative stress (Chen and Helmann, 1995). Feng et al. (2002) also reported that 
superoxide dismutase was upregulated in peat cultures of rhizobia and suggested that this 
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protein could be involved in improved survival through the protection of cells from oxidative 
damage. 
The proteins that were more abundant in control cells of CB1809 (bands 2, 6, 7 and 8) were 
mostly comprised of iron and TonB-dependent receptors as well as siderophore transporter 
proteins. Siderophores are molecules with a high affinity for iron which are synthesised and 
secreted into the environment by microbes. Iron-siderophore complexes are then transported 
back into the cell by the TonB-dependent transport system (Postle, 1990). Haem acquisition 
in B. japonicum has been shown to consist of a TonB-dependent haem receptor and an ABC-
transporter. High levels of iron in the environment lead to the downregulation of genes 
involved in the haem uptake system in order to avoid iron toxicity (Nienaber et al., 2001). 
Previously, an aqueous extract of sphagnum peat was found to be an iron-rich substrate due 
to its content of water-soluble humic substances, which may explain the downregulation of 
proteins involved in iron transport in cells grown in the peat extract (Pinton et al., 1998). 
Cytryn et al. (2007) reported on the genome-wide transcriptional analysis of B. japonicum 
response to desiccation stress. Genes induced by desiccation encoded sugar transporter 
proteins and a 60-kDa chaperonin. These proteins were upregulated in both strains of rhizobia 
as a result of growth in peat extract in this current study, and their presence warrants further 
investigation of their potential mechanism in desiccation tolerance. 
In summary, the growth treatments induced the increased abundance of bands containing 
stress response proteins, particularly those involved in the maintenance of cell envelope 
integrity. The results from this study provide insight into possible proteins involved in 
adaptation and improved survival of rhizobia which could be targeted for more in-depth 
proteome studies in the future. 
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CHAPTER 8 
GENERAL DISCUSSION AND CONCLUSION 
Desiccation stress is recognised as one of the major factors affecting the survival of rhizobia 
on seed. Some of the strategies used to improve survival include the use of protective 
additives such as disaccharides and polymers which afford some protection to cells from 
desiccation-stress damage (Deaker et al., 2004).  Despite these efforts, survival of adequate 
numbers of rhizobia on seed remains a challenge as indicated by the poor microbiological 
quality of preinoculated pasture-legume seed which pervades the market (Gemell et al., 2005; 
Hartley et al., 2012). This study aimed to determine the inherent mechanisms of desiccation 
tolerance in rhizobia and how they may be induced by manipulating conditions during 
growth. 
Desiccation tolerance in prokaryotes requires several physiological responses, including the 
accumulation of trehalose (Potts, 1994), the maintenance of membrane integrity and function, 
and the increased expression of stress related proteins (Cytryn et al., 2007). These 
mechanisms can be altered by exposing cells to different conditions as indicated by the 
results presented in this thesis. However, the exact nature of the stimuli, particularly in peat 
extract is not well defined.  Understanding how the physiological mechanisms contribute to 
desiccation tolerance and how they may be induced will contribute to development of 
improved inoculant formulations.   
The results from this current study showed that increasing the osmotic pressure of the growth 
medium increases trehalose accumulation in rhizobia which supports previously published 
reports that rhizobia accumulate trehalose in response to osmotic stress (Breedveld et al., 
1991; Breedveld et al., 1993; Streeter, 2003; Streeter, 2007).  
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Trehalose is believed to maintain membrane structure and protect proteins and other 
macromolecules from desiccation-induced damage (Crowe et al., 1984). Its unique structure 
and chemical properties are believed to be the key to anhydrobiotic preservation, as no other 
naturally occurring disaccharide contains an α,α-(1→1) glycosidic linkage in an axial, axial 
conformation. This conformation appears to facilitate interactions with the headgroup region 
of the lipid bilayer by creating a more suitable hydrogen-bonding geometry (Albertorio et al., 
2007). 
In this study, trehalose accumulation did not result in improved desiccation tolerance 
immediately after vacuum drying when cells were grown in a defined medium with altered 
osmotic pressure.  This is in contrast with the published data of Streeter (2003) who found a 
correlation between trehalose accumulation and improved survival of dried cells. The 
survival of trehalose-loaded cells was significantly greater than that of non-loaded cells 24 
hours after they were coated onto soybean seeds and air-dried (Streeter, 2003). McIntyre et 
al. (2007) reported that NZP561 (wild-type) survived significantly better after drying on glass 
beads and after storage for 24 hours than the otsA, treY mutant strain which is unable to 
synthesise trehalose. 
Survival of trehalose-loaded cells was significantly better after 10 days of storage at low 
relative humidity (9%) and when suspended in an external protectant (trehalose solution) 
prior to drying. Previous studies by Streeter (2003) and McIntyre et al. (2007) showed that 
the survival of rhizobia is significantly improved when cells are dried in trehalose solution (1 
M) compared to cells dried in water or lactose solution (1 M). These previous studies, 
together with the results presented in this thesis, suggest that both endogenous and exogenous 
trehalose is required to improve desiccation tolerance. 
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Growing rhizobia in peat extract increased trehalose accumulation and significantly improved 
survival of TA1 compared to the control, and although the survival of CB1809 grown in peat 
extract was generally improved, it was not significantly different to that of the control. 
Previous studies have shown that slow-growing rhizobia such as CB1809 are less susceptible 
to desiccation stress than the fast-growing strains of rhizobia such as TA1 (Bushby and 
Marshall, 1977b; Deaker et al., 2007). This may explain the lack of significant improvement 
in survival of CB1809 as this strain of rhizobia has an inherently greater capacity for 
desiccation tolerance than TA1. 
Although trehalose appears to play an important role in desiccation tolerance, the variation in 
survival of trehalose-loaded cells indicates that additional protective mechanisms are required 
to improve survival. The loss of intracellular materials in rhizobia after desiccation and 
rehydration has been suggested to occur as a result of changes in membrane permeability 
(Bushby and Marshall, 1977a). Salema et al. (1982b) reported that rupturing of the cell 
envelope in TA1 was a result of the process of dehydration and rehydration. Therefore, the 
maintenance of membrane integrity and function is believed to play a significant role in 
desiccation tolerance. 
The results of a membrane integrity assay in this study showed that rhizobia grown in peat 
extract are more permeable to propidium iodide (PI) than cells grown in JMM.   Davey and 
Hexley (2011) reported that placing Saccharomyces cerevisiae under heat stress increases PI 
uptake and removing the stress prior to staining significantly reduces PI uptake of those cells. 
They concluded that cells under environmental stress conditions can become more permeable 
to PI without loss of viability. The results from this study indicate that peat extract-grown 
rhizobia are more permeable to PI without negatively affecting their capacity for desiccation 
tolerance and survival.  Increasing the osmotic pressure of the growth medium only increased 
PI-uptake in TA1 suggesting that CB1809 is better able to withstand osmotic stress than TA1. 
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In summary, while this assay indicated that growth in peat extract places membranes under 
stress, survival was not reduced and hence peat extract must stimulate other changes in cells 
that enhance desiccation tolerance.  
Proteomic analysis of rhizobia grown at 2.5 atm and in peat extract showed an increase in 
proteins generated as a response to environmental stress compared with the control cells.  
Amongst several of the proteins identified in rhizobia grown in treatment media were 
proteins regulated by sigma factor ơE, which typically regulates genes required to combat 
stress in the periplasmic space of E. coli (Abe et al., 2003; Aono et al., 1994; Dartigalongue 
et al., 2001). The identification of these stress proteins corroborates the findings of the 
membrane integrity study that peat extract challenges cells of rhizobia during growth. Further 
to this, other proteins that were upregulated in rhizobia grown in peat extract were involved 
in repair of DNA-damage and in the prevention and repair of damage caused by oxidative-
stress.  
Cytryn et al. (2007) found that genes induced in B. japonicum USDA110 by desiccation 
stress encoded sugar transporter proteins and a 60-kDa chaperonin. These proteins were 
upregulated in both strains of rhizobia used in this study after growth in peat extract 
indicating their importance in desiccation-stress tolerance, and their presence warrants further 
investigation in future proteomic or transcriptomic studies. 
These results indicate that desiccation tolerance in rhizobia may be induced by exposing cells 
to environmental stress before drying.  Responses were evident after increasing osmotic 
pressure of the growth medium, however, the nature of the stress in peat extract remains 
unclear. 
The examination of rhizobia using transmission electron microscopy showed distinct changes 
in cell morphology of rhizobia grown in peat extract. The observed electron dense material 
  
156 
 
accumulated around the plasma membrane has previously been described in rhizobia 
extracted from solid peat carrier (Dart et al., 1969; Feng et al., 2002). This change, believed 
to be an adaptive response to solid-state fermentation, has been suggested to contribute to 
their greater capacity for survival. Feng et al. (2002) suggested that a combination of nutrient 
limitation and reduced oxygen tension in peat are involved in the induction of cell 
morphology changes. However, findings from this present study suggest that the observed 
morphological changes are an adaptive response to the water-extractable constituents of peat, 
as cells were able to grow aerobically from initial counts of 10
3
 to 10
8
 counts at early 
stationary phase. 
The results presented in this thesis suggest that the improved survival of rhizobia, particularly 
TA1 grown in peat extract is the result of several physiological responses. A lower metabolic 
activity (Chapter 5) reduces the accumulation of ROS during growth which would minimise 
oxidative damage during drying. The upregulation of proteins involved in the prevention and 
repair of oxidative damage and maintenance of membrane function suggests that cells are 
better able to repair desiccation-induced damage upon rehydration leading to an increase in 
survival. 
In conclusion, desiccation tolerance in rhizobia may be enhanced through the manipulation of 
the growth medium. Trehalose accumulation, while playing an important role in desiccation 
tolerance requires other poorly characterised processes to significantly improve survival. 
Growing rhizobia in peat extract appears to promote morphological changes and the 
upregulation of proteins involved in prevention and repair of desiccation-induced damage. 
This study provides a preliminary insight to the characterisation of stress response protein 
expression which should be targeted through the use of more discriminatory techniques such 
as 2-DE.  
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Future work should focus on (a) reducing protein extract complexity through fractionation in 
order to better identify proteins involved in desiccation tolerance (b) separating protein 
extracts using 2-DE and (c) the chemical constituents of peat extract which appear to promote 
adaptive responses in rhizobia linked to enhanced desiccation tolerance. This knowledge may 
assist the future development of inoculant technology strategies to improve survival on seed 
by pre-conditioning rhizobia during growth through the addition of such constituents to the 
growth medium. 
This work highlights the future possibility of producing more robust cells of TA1 by 
changing the formulation of the growth medium currently used in the production of legume 
inoculants. Future work needs to focus on identifying the characteristics of peat extract which 
promote a greater capacity for desiccation tolerance in that strain and systematically test them 
to develop a growth medium formulation that can be used at an industrial scale. 
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APPENDIX I: 
Bacterial culture media and buffers 
JMM Defined Medium pH 6.8 (O’Hara et al., 1989) 
MOPS 
 
 
2.09 g 
D-galactose 
 
1.8 g 
L-arabinose 
 
1.5 g 
L-glutamate 
 
507 mg 
FeSO4.7H2O 
 
5.5 mg 
CaCl2.2H2O 
 
441 mg 
NaSO4 (anhydrous) 
 
0.1 g 
MgSO4.7H2O 
 
246.2 mg 
Na2MoO4.2H2O 
 
0.967 mg 
MnSO4.4H2O 
 
1.11 mg 
ZnSO4.7H2O 
 
1.08 mg 
CuSO4.5H2O 
 
50 mg 
K2HPO4 
 
26.1 mg 
KH2PO4 
 
20.4 mg 
Thiamine hydrochloride 
 
1 mg 
Pantothenic acid 
 
1 mg 
Biotin 
 
0.02 mg 
Water 
 
1 L 
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Yeast Mannitol Broth (YMB) pH 6.8 
Mannitol 
 
10.0 g 
N2HPO4 
 
  0.5 g 
MgSO4. 7H2O 
 
  0.2 g 
Yeast Extract 
 
  0.5 g 
Water 
 
  1.0 L 
Yeast Mannitol Agar (YMA) 
YMB 
 
  1.0 L 
Davis Agar 
 
15.0 g 
Phosphate Peptone Buffer (PPB) 
Peptone 
 
1.0 g 
K2HPO4 
 
1.21 g 
KH2PO4 
 
0.34 g 
Water 
 
1.0 L 
Phosphate Buffer (pH 7.4) 
KCl 
 
0.75 g 
MgSO4. 7H2O 
 
0.25 g 
Na2HPO4 (anhydrous) 
 
21.5 g 
NaH2PO4. 2H2O 
 
6.2 g 
Water 
 
1.0 L 
Adjusted to pH 7.4 with Na2HPO4 or NaH2PO4. 2H2O 
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0.1 M Phosphate buffer saline (PBS) pH 7.2 
 
Mix 72% of solution B with 28% of solution A prior to use 
 
• Solution A (monobasic) 0.1 M NaH2PO4.H2O: dissolve 13.9 g/L 
• Solution B (dibasic) 0.1 M Na2HPO4: dissolve 14.2 g/L 
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APPENDIX II 
 
Principle of trehalose Megazyme® kit: 
Trehalose is hydrolysed to D-glucose by trehalase, and the D-glucose released is 
phosphorylated by the enzyme hexokinase (HK) and adenosine-5’-triphosphate (ATP) to 
glucose-6-phosphate (G-6-P) with the simultaneous formation of adenosine-5’-diphosphate 
(ADP). 
 
 
In the presence of the enzyme glucose-6-phosphate dehydrogenase (G6P-DH), G-6-P is 
oxidised by nicotinamide-adenine dinucleotide phosphate (NADP+) to gluconate-6-
phosphate with the formation of reduced nicotinamide-adenine dinucleotide phosphate.  
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The amount of NADPH formed in this reaction is stoichiometric with the amount of D-
glucose and thus with twice the amount of trehalose. It is the NADPH which is measured by 
the increase in absorbance at 340 nm. The concentration of trehalose can be calculated as 
follows: 
 
where: 
c = concentration [g/L] 
V = final volume [mL] 
MW = molecular weight of trehalose [g/mol] 
ε = extinction coefficient of NADPH at 340 nm = 6300 [l x mol-1 x cm-1] 
d = light path [cm] 
v = sample volume [mL] 
2 = 2 molecules of D-glucose released from each molecule of trehalose hydrolysed 
1.1/0.2 = 0.2 mL of the sample extract is used to remove reducing sugars and the final 
volume after treatment and neutralisation is 1.1 mL  
 
 
